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 Introductory Remarks on Behalf of IBRO and UNESCO HERBERT H. JASPER
 
 It is with great pleasure that I have accepted the invitation of Professor Moruzzi to speak on behalf of the International Brain Research Organization at the inaugural ceremonies of this Colloquium. In so doing, I am merely the spokesman for the many scientists from varied disciplines and special training in many countries who have formed a world community of colleagues with common interests in the brain sciences. We have been working together and communicating more frequently with each other during recent years. The formation of the International Brain Research Organization in October 1960, less than one year ago, is only the formalization of a growing body of scientific workers determined to promote and improve the quality of basic research on the brain independent of political barriers which separate us, often by chance, into different countries. We are also determined to do what we can to improve the working relations between our various countries by our demonstration of cordial and effective collaboration in spite of political situations which would seem to place us in conflict one with another. But in keeping with the traditions of the first international scientific colloquium held in Pisa in October of 1839, 122 years ago, we will abide by the wishes of the Grand Duke of Tuscany and try to refrain from political discussions during our formal meetings - though we cannot make any promises for many informal sessions which are often the best part of such colloquia. I take pleasure also in bringing greetings and salutations from UNESCO to this first colloquium sponsored by their very young offspring, IBRO, which is actually less than a year old. I must say that Unesco is somewhat astounded by the vigor of their young child, and perhaps fearful at times that we are trying to run before we have learned to walk, but the splendid manner in which Prof. Moruzzi and his co-workers have organized this colloquium with the generous assistance of the Valentino Baldacci Foundation - and the eminent scientists gathered here from near and far - should reassure them that we can not only walk, but we can run and even fly. We are particularly grateful to Prof. Ugo Baldacci who has made this conference possible - even before IBRO was formally organized, and certainly before we have become sufficiently well established financially to undertake such a meeting. We are pleased to be able to pay tribute in this manner to his distinguished father, Dr. Valentino Baldacci of Pisa. This is one of a series of colloquia started by the Laurentian symposium on Bruin
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 mechanisms and consciousness held in 1953 (Blackwell, Oxford, 1954). This was followed by the Detroit symposium Reticular formation of the brain (Little, Brown and Co., Boston, 1958), the CIBA conference on Neurological basis of beliaviour (Churchill, London, 1958), and the Moscow colloquium on Electroencephalography of higher nervous activity (Electroenceph. clin. Neurophysiol., 1960, Suppl. 13). Several additional symposia were held along the same lines, as for example the Montevideo symposium on Brain mechanisms of learning (Blackwell, Oxford, 1961). 1 would like to take this occasion to pay tribute to one of our members who has provided much of the initiative and inspiration for many of these symposia, including the first held in 1953 in Canada, that is Professor Henri Gastaut. He has worked in the background for many of these important meetings, and he deserves more credit than is usually given him in the publication of their proceedings. The proceedings of this colloquium are to be published in extenso for the benefit of our many colleagues who are unable to be with us. The Baldacci Foundation is to publish the French edition, while IBRO will publish the English edition, in keeping with our policy to publish in the two working languages of UNESCO.
 
 Introductory Remarks by the Honorary President PROFESSOR FREDERIC BREMER
 
 M y dear Colleagues, I owe to the date of my birthday the privilege and pleasure of expressing on your behalf our gratitude to all who have made this Colloquium such a pleasant reality. We are all especially grateful to the University of Pisa for the hospitality it has offered us at the Istituto di Fisiologia, and for the interest expressed in our work by the presence at this inaugural session of Professor Faedo, Rector of the University, and Professor Puccinelli, Dean of its Medical Faculty. You will all wish me, I am sure, to ask them to accept our sincere thanks for their kind attendance. Our thanks are due also to the International Brain Research Organization, who are the sponsors of the Colloquium, and to our colleague Herbert Jasper, the energetic Executive Secretary of this Organization, who has played a majorrole in the preliminary stages of the excellent arrangements made for this meeting. Equally grateful are we to our dear colleague Giuseppe Moruzzi and to Mrs. Moruzzi, who have devoted so much time and ingenuity to ensure that the Colloquium will be the success that it already promises to be. Further, I should like to thank on your behalf, the Fondazione Valentino Baldacci, whose generous financial aid has been so valuable. The director of this Foundation, our colleague Professor Ugo Baldacci, and its secretary, Doctor F. Suma, have once more shown the meticulous solicitude and cordiality which have been, in the past, characteristic of the contributions made by the Fondazione to the success of scientific enterprises. The Pisa meeting follows, after three years, the memorable Moscow Colloquium. The support given to us by the International Brain Research Organization is an indication that this Organization approves of the idea that the understanding of cerebral integration requires the spatial and spiritual cooperation of those who are studying this supreme problem in neurophysiology. In this era of political unrest in which we are condemned to live, our meeting here will be a vivid symbol of what can be done by friendly cooperation in a domain of science which is so intimately associated with the problems of human destiny and progress. We shall work in the shadow of the great monuments of a glorious city. They are the comforting testimony that great things can be accomplished in the midst of struggle and warfare, though the warfare to which I allude was certainly, I must
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 admit, a warfare performed with the “conventional” weapons of the 12th century! To me it is particularly moving that our session will be held in the Institute of my old friend Giuseppe Moruzzi, an Institute which has made, as you know, outstanding contributions to the themes that we shall discuss. Our only regret is that Professors Beritashvili, Narikashvili and Smirnov, and Doctor Terzian are unable to share in our meetings. As a compensation for this, however, we shall enjoy the full attendance of Professor Richard Jung, who has happily recovered so quickly from the accident which recently, as a result of his passionate interest in Romanesque architecture, he had the misfortune to suffer.
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 Frideric Bremer
 
 Dedication to Professor Bremer This volume is dedicated to a friend whose work has greatly advanced our understanding of the nervous system, whose presence can enliven the dullest meeting and whose 70th birthday gives us the excuse for expressing our feelings. Fortunately FrCdCric Bremer’s age has no relation to his present activity. Forty years in the laboratory have not lessened his keen interest in new investigations and his critical appreciation of the problems they bring. Though he can look back to the string galvanometer, he has retained his mastery of experimental technique. The use of some new technique has often led to a rapid advance in the physiology of the nervous system. Few nowadays can appreciate the difficulties of experiments on the brain before the barbiturates were available: indeed the introduction of Dial as a suitable anaesthetic in 1930 can count as a major advance in technique and the short note on it by Fulton, Liddell and g o c h deserves to rank as a turning point in the history of cerebral physiology. But the brain depressed by drugs is not the normal brain and another turning point came when Bremer introduced the “Cerveau isole” and “EncCphale isole” preparations in 1935-36. His preparation solved the problem of anaesthesia by providing for the division of the pathways for pain below the cerebral level leaving intact much of the regulating mechanism for cortical activity. He found, after mid-brain transection, that the pattern characteristic of sleep would be shown both in the EEG record and in oculomotor behaviour: the pattern changed from time to time to that characteristic of arousal and he found that the change could be brought by appropriate sensory stimuli. Thus his “Cerveau isole” and “EncCphale isole” preparations made it possible to start a new chapter in the analysis of the brain stem regulating centre. They have given a fresh impetus to research on the problems of sleep and attention and have opened up fields which are still the centre of interest. This work on the brain stem in relation to cerebral activity has been a major contribution to the physiology of the central nervous system but it is far from being the only important contribution he has made. His early study of the cerebellum in Sherrington’s laboratory and his more recent work on the auditory and visual pathways and cortical responses have established valuable results, and Bremer has always been attracted by the general problems which have been left unsolved because there is so much detail to be filled in. He has been concerned with the waves as well as the spikes, with the factors which can lead to synchronised rhythms in the cord and in the brain and with the general problem of auto-rhythmicity. It is indeed his concern for the whole advance and his knowledge of the way it has gone which gives him a special claim to our good wishes. Research on the central
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 nervous system offers an immense variety of topics, from the anatomy of the cell to the psychology of the individual: very few of us can hope to follow all the developments recorded in so many fresh publications, but Bremer has never lost touch with the major issues. In any discussion he can refer to the details and make us see them as part of the whole picture: and we can enjoy his own papers for their light on our immediate problems as well as for the lucid writing which commands our interest. Throughout his career Bremer has influenced the development of research on the central nervous system. We have profited by the methods he has introduced and the ideas he has given us. It is a pleasure to express our thanks to such a colleague and to send our congratulations on his seventieth birthday.
 
 ADRIAN
 
 Contents
 
 Participants in the Pisa Colloquium
 
 . . . . . . . . . . . . . . . . . . .
 
 Introductory remarks on behalf of IBRO and UNESCO byH.H.JAsPER. . . . . . . . . . . . . . . . . . Introductory remarks by the Honorary President byF.BREmR.. . . . . . . . . . . . . . Dedication to Professor Bremer by Lord ADRIAN .. Contents.
 
 vii
 
 .........
 
 ix
 
 .............
 
 xi
 
 .....................
 
 xv
 
 .............................
 
 xvii
 
 Postsynaptic and presynaptic inhibitory actions in the spinal cord by J. C. ECCLES(Canberra, Australia) . . . . . . . . . . . Recurrent inhibition as a mechanism of control by R. GRANIT(Stockholm) . . . . . . . . .
 
 . . . . . .
 
 .............
 
 Studies of the integrative function of the motor neurone by J. M. BROOKHART and K. KUBOTA (Portland, Oreg.)
 
 . . . . . . . . . .
 
 1
 
 23
 
 38
 
 The plasticity of human withdrawal reflexes to noxious skin stimuli in lower limbs by K.-E. HAGBARTH and B. L. FINER (Uppsala, Sweden) . . . . . . . . . 65 Reticular homeostasis and critical reactivity by P. DELL(Paris) . . . . . . . . . . .
 
 ...............
 
 Thalamic integrations and their consequences at the telencephalic level by D. ALBE-FESSARD and A. FESSARD (Paris) . . . . . . . . . . . Influence of unspecific impulses on the responses of sensory cortex by S . P. NARIKASHVILI (Tbilisi, U.S.S.R.) . . . . . . . . . . The tonic discharge of the retina and its central effects by A. ARDUINI (Pisa, Italy) . . . . . . . . . . . .
 
 ....
 
 82
 
 115
 
 . . . . . . 155
 
 ..........
 
 184
 
 XVlIl
 
 CONTENTS
 
 Multisensory convergence on cortical neurons: Neuronal effects of visual, acoustic and vestibular stimuli in the superior convolutions of the cat’s cortex by R. JUNC, H. H . KORNHUBER andJ.S.D~FoNSEcA(Freiburg/Br.,Germany). 207 The direct cortical response (DCR). Associated events n pyramid and muscle during development of movement and after-discharge (St. and J. L. Q’LEARY by S. MINGRINO, W. S. COXE,R. KATZ, S. GOLDRIN( Louis, Missouri) . . . . . . . . . . . . . . . . . . . . . . . . . . 241 Brief survey of direct current potentials of the cortex by J. LO’LEARY (st. Louis, Missouri) . . . . . . . . . . . . . . . . . . 258 Studies of non-specific effects upon electrical responses i n sensory systems by H. H. JASPER (Montreal, Canada) . . . . . . . . . . . . . . . . . . 272 Aspects of sensorimotor reverberation to acoustic and visual stimuli. The role of primary specific cortical areas by P. BUSER,P. ASCHER, J. BRUNER, D. JASSIK-GERSCHENFELD and R. SINDBERG (Paris) . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 New data on the specific character of ascending activations by P. K. ANOKHIN (Moscow) . . . . . . . . . . . . . . . . . . . . .
 
 325
 
 The characteristics and origin of voluntary movements in higher vertebrates by 1. s. BERlTASHVlLl (Moscow). . . . . . . . . . . . . . . . . . . . .
 
 340
 
 Responses in non-specific systems as studied by averaging techniques by MARYA. B. BRAZIER(Cambridge, Mass.) . . . . . . . . .
 
 . . . . . 349
 
 A transcranial chronographic and topographic study of cerebral potentials evoked by photic stinlulation in man by H. GASTAUT, E. BEEK,J. FAIDHERBE, G. FRANCK, J. FRESSY, A. REMOND, C. SMITHand P. WERRE(Marseille, France) . . . . . . . . . . . . . . . 374 Specific and non-specific responses and autonomic mechanisms in human subjects during conditioning by W. GREYWALTER(Bristol, Great Britain). . . . . . . . . . . . . . . 395 Sleep mechanisms. Chairman: J. M. BROOKHART. . . . . . . . . . . . . . . . . . . . . 404
 
 CONTENTS
 
 General discussion on inhibition . Chairman : F. BREMER. . . .
 
 XIX
 
 . . . . . . . . . . . . . . . . . . . .
 
 444
 
 . . . . . . . . . . . . . . . . . . . . . . . . . . .
 
 453
 
 Author index
 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 
 475
 
 Subject index
 
 ...............................
 
 481
 
 Final discussion
 
 This Page Intentionally Left Blank
 
 Postsynaptic and Presynaptic Inhibitory Actions in the Spinal Cord J. C . ECCLES
 
 Department of Physiology, Australian National University, Canberra (Australia)
 
 Sherrington was the first neurophysiologist to appreciate fully the key role of inhibition in the integrative action of the nervous system, particularly in the spinal cord. For him synaptic inhibitory actions ranked equally with synaptic excitatory actions. Despite his leadership both in experiment and in conceptual development, there is still today a tendency to consider the nervous system as operating very largely along excitatory pathways. The present paper is, in part, an attempt to redress this unbalance ; but a more compelling motive derives from the necessity for reconsidering the whole central inhibitory story now that it has been established that there are two quite distinct synaptic inhibitory mechanisms. The recent recognition of presynaptic inhibition(Frankand Fuortes 1957;Eccles 1961a,b; Eccles, Ecclesand Magni 1961;Eccles, Magni and Willis 1962; Eccles, Schmidt and Willis 1962; Eccles, Kostyuk and Schmidt 1962a,b) has led to a reinterpretation of many experimental investigations that have been made over the last few decades. A brief historical rksumt will serve to remind us once again that inhibitory phenomena provide the most fascinating problems in basic neurophysiology. Gasser and Graham (1933) found that dorsal root volleys produced slow positive potentials (P waves) of the cord dorsum, and that the time courses of these waves corresponded approximately to that of the inhibition of flexor reflexes when one dorsal root volley was employed to condition the flexor reflex evoked by another volley. Consequently, they asked “whether the positive potential may not be connected with the process responsible for inhibition?’ In a further communication Hughes and Gasser (1934) provided additional evidence supporting this correlation, and later Gasser (1937) attributed the inhibition to a depression of interneurones in a common central pathway that was produced by the positive after-potential that followed their activation by the conditioning volley. Barron and Matthews (1938) found that dorsal root volleys also gave rise to a depolarization that spread electrotonically along the same or adjacent dorsal roots and postulated that this dorsal root potential was produced by the same potential generator that gave the P wave, and that this generator was also responsible for inhibition; but it was suggested that this inhibition was brought about by electric currents which caused blockage of conduction in the collateral branches of interneurones. References P. 16-18
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 In recent years the evidence relating both the dorsal root potential and the P wave of the cord dorsum to a central inhibitory action has been lost sight of because the interneuronal theory of inhibition (Gasser 1937; Bonnet and Bremer 1939; Bremer and Bonnet 1942) could not explain inhibition of monosynaptic reflexes (Lloyd 1941, 1946; Renshaw 1941, 1942), and also because there was such convincing evidence that inhibition wasdueto thepostsynapticaction of special inhibitory synapses (Eccles 1953, 1957,1961a; Fatt 1954; Fessard 1959). Byintracellular recording it was shown that inhibitory and excitatory synapses had opposed actions on the postsynaptic membrane ; and inhibitory action seemed to be fully accounted for by the observed interaction of the postsynaptic currents and potentials produced by excitatory and inhibitory synapses, much as was originally postulated by Sherrington (1925) in his concept of algebraic summation. This position is no longer tenable because it has been shown that a large proportion of the inhibitions exhibited in the spinal cord is due to a quite different mechanism, which has been called presynaptic inhibition. Depolarization of excitatory presynaptic fibres causes a diminution in their synaptic action (Hagiwara and Tasaki 1958; Takeuchi and Takeuchi 1962; Eccles, Kostyuk and Schmidt 1962). It has now been shown that virtually all medullated primary afferent fibres in the spinal cord are depolarized by suitable conditioning volleys, and that this depolarization reduces their excitatory effectiveness and so results in the inhibition which has been designated presynaptic inhibition. This presynaptic depolarization that is responsible for presynaptic inhibition is also manifested both in the P wave of the cord dorsum and in the dorsal root potential, which thus re-establishes the earlier hypothesis of Gasser, Matthews, Bremer and their colleagues. However, the detailed mode of operation of presynaptic inhibition is very different from the earlier suggestions. It is now postulated that special interneurones form depolarizing synapses close to the synaptic terminals of the primary afferent fibres; the presynaptic depolarization so produced results in a diminution in the quantity of transmitter which is liberated by the impulses. Thus the postsynaptic excitatory action of the impulses is diminished not by any interaction at the level of the postsynaptic membrane (the postsynaptic inhibitory mechanism), but as a consequence of a diminution of the transmitter liberation, there being thus a smaller excitatory response from an otherwise unaltered postsynaptic membrane. POSTSYN APTlC INHIBITION
 
 Integrative ,functions of postsynaptic inhibition: the Renshaw cell system When motoneurones discharge impulses to muscles, they also activate Renshaw cells via motor axon collaterals (Renshaw 1946). These Renshaw cells in turn inhibit the motoneurones and so tend to suppress the motoneuronal discharge (Eccles, Fatt and Koketsu 1954). The more intense the motoneuronal discharge, the more intense is the activation of Renshaw cells and the consequent inhibition of motoneurones. Thus the Renshaw cell system operates as a negative feed-back to motoneurones. When studied in detail, it is found that the negative feed-back from any particular impulse is not at all selective to the motoneurone that discharges that impulse, nor
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 to the whole population of motoneurones that supplies the same muscle, nor even to the whole assemblage of motoneurones supplying muscles of comparable function, e.g., flexion or extension. All that can be stated is that the Renshaw inhibition from the motoneurones of any muscle is more powerful on the motoneurones in close proximity, and in particular on the motoneurones of slow tonic muscles (Fig. 1 ; Granit et al. 1957; Eccles, Eccles, Iggo and Ito 1961). Possibly this selective distribution serves to stabilize the frequency of motoneuronal discharge to tonic muscles
 
 ---C
 
 SG
 
 SM
 
 --
 
 Q
 
 MG
 
 PI
 
 LG
 
 Po P
 
 Y -
 
 PB
 
 Fig. 1 A : diagram showing synapses from two motor axons onto three Renshaw cells whose axons in turn
 
 make inhibitory synaptic connections onto the two motoneurones. Note microelectrode in position for recording extracellularly from one Renshaw cell as in B. B : responses of a Renshaw cell evoked by single maximal antidromic volleys in the motor nerves to various muscles. PI - plantaris; Sol - soleus; MG - medial gastrocnemius; LG - lateral gastrocnemius. All other antidromic volleys were ineffective. C : intracellular recording from an anterior biceps motoneurone, showing the responses evoked by single maximal antidromic volleys in the motor nerves to various muscles as indicated by symbols. SG - superior gluteal; Q - quadriceps; MG - medial gastrocnemius; PI - plantaris; SM semimembranosus; PB - posterior biceps; LG - lateral gastrocnemius; Pop - popliteus; AB anterior biceps; ST - semitendinosus; Sol - soleus; FDL - flexor digitorum longus; IG - inferior gluteal; G R - gracilis; PT - posterior tibial. Note that the anterior biceps volley evokes an antidromic spike potential of the motoneurone with a subsequent after-hyperpolarization that is superimposed on the Renshaw IPSP. The arrow marks the approximate size of the IPSP alone
 
 during maintenance of postures (Granit et al. 1957). An alternative suggestion is that it serves to suppress all discharges from tonic motoneurones during the rapid movements of running or jumping. This suppression is functionally desirable, else the slowly contracting and relaxing tonic muscles would impede the rapid movements (Denny Brown 1928; Eccles, Eccles, lggo and Ito 1961). Apart from this special action on tonic motoneurones, the general action of the Renshaw cell system is to produce an unspecific limitation on the activity of motoneurones regardless of their function. References P. 16-16:
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 The postsynaptic inhibitory action of impulses from annulospiral endings of muscle spindles According to a general rule first enunciated by Lloyd (1946) the large afferent fibres (group Ia of muscle spindles) not only excite the motoneurones of that muscle and muscles of like function, but they also inhibit the motoneurones of antagonistic muscles at the same joint, so forming a “myotatic unit” (Fig. 2, A-C). More extensive investigation has revealed that there are many exceptions to this generalization, particularly for the motoneurones supplying muscles acting at the hip and knee joints (Eccles and Lundberg 1958; Lundberg 1959); nevertheless, the myotatic unit is a useful concept in the attempt to understand the factors involved in the maintenance of joint position. For example, if flexor motoneurones are activated so intensely that they discharge impulses, the resultant flexor contraction may flex the joint and so stretch the extensor muscles. Thus the discharge along the extensor Ia afferent fibres will be increased with the consequent inhibition of the flexor motoneurones and monosynaptic excitation of the extensor motoneurones, as diagrammed in Fig. 2 0 . If extension of the joint supervenes, there is a complementary pattern with activation of the flexor
 
 Q AS
 
 ’A Fig. 2
 
 A : diagram showing at the Lo and
 
 L7 segmental levels of the spinal cord the central pathway for
 
 a group Ia afferent fibre (QIa) that comes from an annulospiral ending (AS) in the quadriceps muscle (Q). One branch monosynaptically excites a quadriceps motoneurone, the other branch descends to L7 and excites an interneurone which in turn inhibits a motoneurone of the antagonist muscle, biceps-semitendinosus (BST). Excitatory and inhibitory synapses are labelled E and I respectively. B and C are respectively the intracellular responses (upper traces) evoked by a maximal group Ia quadriceps afferent volley (see lower traces) in a quadriceps motoneurone (B) and in a bicepssemitendinosus motoneurone (C) in the same experiment. D: diagram showing the effect of a reflex discharge of flexor motoneurones (FM) in causing knee flexion (see arrow below knee joint) with a consequent excitation of the annulospiral endings (AS) of the extensor muscle. This discharge up the Ia afferent fibre gives monosynaptic excitation of the extensw motoneurones (EM) and disynaptic inhibition of the flexor motoneurones (FM), an inhibitory interneursne (I cell) being interpolated on this inhibitory pathway.
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 motoneurones and inhibition of the extensor. Thus, at our present level of understanding, the myotatic unit provides a reciprocal control tending to stabilize the joint at a position determined by the integrated excitatory and inhibitory influences playing upon the extensor and flexor motoneurones from pathways other than those of the myotatic unit; such as the descending tracts and the various other afferent inputs into the spinal cord. Group Ia impulses from muscle also exert a postsynaptic inhibitory action on the cells of origin of the dorsal and ventral spinocerebellar tracts (Eccles, Oscarsson and Willis 1961; Eccles, Hubbard and Oscarsson 1961). However, detailed investigation of a far greater number of cells is necessary before attempting to develop postulates relating to the possible integrational significance of these inhibitory actions. The postsynaptic inhibitory action of impulses from the Golgi tendon organs of muscle The Golgi tendon organs differ from the muscle spindle receptors because they are in series with the contracting muscle fibres and have a much higher threshold. Thus it requires a powerful muscle contraction in order to excite these receptors and cause an effective discharge of impulses up the group Ib fibres (Lundberg and Winsbury 1960). These Ib impulses cause inhibition of extensor motoneurones, not only of that joint, but of all joints of that limb(Fig. 3; Granit 1955;Laporte and Lloyd 1952;Eccles, Eccles and Lundberg 1957). Thus under conditions where there is intense activation
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 Fig. 3 A, B: intracellular records from a gastrocnemius motoneurone o IPSP's evoked by a plantaris an1 a flexor digitorum group I volley respectively. There is a record of the dorsal root volley below each intracellular record. C: as in A, B, but for a quadriceps afferent volley in another experiment, the dorsal root record being above the intracellular record. D: diagram showing how an intense discharge of extensor motoneurones (EM) when causing powerful muscle contraction against resistance excites Golgi tendon organs to discharge impulses along Ib fibres, which in turn excite inhibitory cells (I cell) that inhibit the extensor motoneurones. References p . 16-18
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 of extensor motoneurones, such as in leaping or in decelerating a fall, the tension on the muscle is prevented from reaching a damaging intensity by the Ib inhibitory action on the extensor motoneurones. Ib impulses also have postsynaptic inhibitory actions on the cells of origin of the dorsal and ventral spinocerebellar tracts; but, as with the la inhibition, much more extensive investigation is required.
 
 The postsynaptic inhibitory action of impulses from the flexor reflex afferents ( F R A ) These afferents include both the alpha and delta groups of cutaneous fibres (Mark and Steiner 1958; Hunt and McIntyre 1960), the group 11 and 111 afferent fibres from muscle (Lloyd 1943) and the afferent fibres from joints (Eccles and Lundberg 1959). Their postsynaptic inhibitory action has been demonstrated on motoneurones and the cells of origin of the dorsal and ventral spinocerebellar tracts. The inhibitory postsynaptic potentials may be 50 msec or more in duration (Eccles 1953; Kostyuk 1960). Presumably the preponderant inhibition of extensor motoneurones is part of a protective general flexor reflex in which the limb is withdrawn from some injurious contact (Creed et al. 1932). Much more investigation is required before precise statements are possible, but the detailed studies by Hagbarth on cutaneous afferents (1952 and this symposium) are important developments in this direction. PRESYNAPTIC INHIBITION
 
 Inhibition of central effects of Group l a afferent Jibres By several different experimental procedures it has been shown that volleys in group Ia and group 1b afferent fibres of flexor muscles depolarize the group La fibres of both extensor and flexor muscles. This depolarization is directly observed by intracellular recording from the afferent fibres in the dorsal part of the spinal cord (Fig. 4, A - C ) ; but it is also demonstrated by the increased excitability of the group Ia afferent fibres, which is observed along their whole intramedullary course, being largest close to their terminals in the ventral horn (Fig. 4 D; Eccles, Magni and Willis 1962). Other evidence of the group Ia depolarization is given by the potential field that it produces in the cord, maximum negativity in the ventral horn and positivity in the dorsal columns (Fig. 5 A ; Eccles, Magni and Willis 1962), and by the generation of impulse discharge in the group Ia fibres, which gives rise to the dorsal root reflex (Fig. 5B; Eccles, Kozak and Magni 1961). These various procedures show that the presynaptic depolarization has a characteristic slow time course: latency about 4 msec, summit at about 20 msec and a total duration of at least 300 msec. The briefer duration of the dorsal root reflex is attributed to accommodation. Several afferent volleys in quick succession considerably increase the depolarization, and potentials in excess of I mV are regularly observed in the fibres in the cord dorsum (Fig. 4). Presumably the depolarizations are several times larger in the fibre terminals in the ventral horn. In every respect this presynaptic depolarization accounts for the depression of the monosynaptic EPSP which is observed after conditioning by group 1 volleys from flexor muscles (Fig. 6 A , B ; Frank and Fuortes 1957; Eccles, Eccles and Magni 1961),
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 Fig. 4 A shows the experimental arrangement for obtaining the responses B-C. The microelectrode is inserted into a group la afferent fibre (GS) from the gastrocnemius-soleus muscle at a depth of 0.6 mm from the cord dorsum, and the potential changes of the upper records of B are produced by 1 , 2 and 4 group I volleys in the combined posterior biceps-semitendinosus (PBST) and deep peroneal nerves (PDP). The lower records of B show the potentials similarly produced, but with the microelectrode withdrawn to a just extracellular position. The actual potential changes across the membrane of that group Ia fibre are given by the differencesbetween the corresponding intracellular and extracellular potentials, as plotted in Cfor 1 , 2 and 4 volleys, upward deflections signalling depolarization. Presumably the potential changes are much larger close to the presumed site of depolarization near the synaptic terminals of these group Ia fibres on motoneurones in the ventral horn, as shown in A. D shows the time course of the excitability changes which a single PBST volley produces in group la afferent fibres of gastrocnemius nerve at the region of their synaptic terminals in the ventral horn (cf. Eccles, Magni and Willis 1962). Ordinates show excitability values as percentages of the control, while abscissae give test intervals.
 
 and also for the depression of a monosynaptic testing reflex (Fig. 6C; Eccles, Schmidt and Willis 1962). The responses of both flexor and extensor motoneurones are equally depressed, which corresponds to the similar depolarizations of the group Ia afferent fibres. It now remains to discuss the possible physiological meaning of this presynaptic inhibitory action. The action of strychnine clearly distinguishes between presynaptic and postsynaptic inhibition, the latter being heavily depressed by intravenous doses of 0.1 mg/kg, whereas the former is unaffected. There are many instances in the literature of inhibitions that were unaffected by strychnine, and at least some of them are typical examples of presynaptic inhibition due to depolarization of group l a afferent fibres. References P . 16-18
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 Fig. 5 A : field potentials generated by five group 1 volleys in PBST nerve at the indicated depths in mm along a microelectrode track from the dorsum of the cord in a ventro-lateral direction. Upward deflections signal negativity relative to the indifferent earth lead, there being reversal from the slow positive potential in the dorsal regions to a slow negative potential at depths in excess of 2 mm. B: recording of dorsal root reflexes by a microelectrode inserted into a group Ia afferent fibre of gastrocnemius nerve. The single or double reflex discharges seen in the lower tracings were produced by a combined PBST and PDP volley at a low body temperature (31°C). The upper traces show the cord dorsum potentials. (Eccles, Kozak and Magni 1961.)
 
 For example, Liddell and Sherrington (1925) found that the stretch reflex of quadriceps muscle was inhibited by pulling on the knee flexor muscles, and this inhibition was not affected by injection of 0.1 mg/kg of strychnine (Fig. 7), or even of larger doses. This observation is important for it shows that in large part the inhibition was not due to the postsynaptic inhibitory action of group Ia afferent fibres (cf. Fig. 2); but it is precisely the presynaptic inhibition that would be expected to be produced by the group I afferent impulses from the knee flexors (cf. also, Cooper and Creed 1927). Evidently, presynaptic inhibition is very effectively produced by the asynchronous repetitive discharges of muscle stretch receptors, which is not surprising in view of the finding that presynaptic inhibition is built up by repetitive volleys even at relatively low frequencies, and has a very long duration (Eccles, Eccles and Magni 1961). When employing the usual procedures of testing by a monosynaptic reflex, presynaptic inhibition appears to be more potent than postsynaptic inhibition, even large monosynaptic reflexes being virtually suppressed (cf. Fig. 6C) ; hence it would be expected that presynaptic inhibition would play an important role in the control of the reflex movements. For example, under certain circumstances presynaptic inhibition provides the negative sign in a homeostatic system. Thus in Fig. 8 stretch of flexor muscles by a powerful extensor contraction would depress the activation of
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 Fig. 6 A : time course of depression of the EPSP produced in a plantaris motoneurone by monosynaptic action of a group I afferent volley in plantaris nerve. The conditioning was produced by four PBST volleys, maximal for group I, and the abscissae show intervals between the first of the conditioning volleys and the testing plantaris volley. Specimen records composed of superimposed tracings are shown in B, the ordinates of the plotted curve being the sizes of the testing EPSP's expressed as percentages of the control (CON). C: time course of depression of the monosynaptic reflex discharge evoked by a maximum group I gastrocnemius volley. The conditioning was produced as in A by four PBST volleys, and the abscissae show the intervals between the first of the conditioning volleys and the testing gastrocnemius volley. Specimen records are shown in the inset with testing intervals given in msec, CON being the control reflex spike.
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 Fig. I A : mechanical responses of quadriceps muscle to a stretch applied as shown in T before (M and M') and after (P) severance of its nerve. The additional tensions in M and M1 over P are due to stretch reflex contraction. During each response a stretch of biceps muscle was applied commencing approximately at the points marked by the arrows. M gives the response before and M 1after injection of strychnine in a just sub-convulsive dose. B: as in A, but at the arrow the knee flexor muscles were stretched merely by a passive extension of the knee that commenced approximately at the arrows (Liddell and Sherrington 1925). References P . 16-18
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 Fig. 8 Diagram showing how a contracting extensor muscle extends joint and strongly stretches a flexor muscle, particularly if it is contracting. The resulting discharge up the la and lb fibres from the flexor excites an interneuronal pathway that leads to presynaptic inhibition of the Ia synapses on the extensor motoneurone, so introducing the negative sign in the circuit that began with powerful extensor activation.
 
 extensor motoneurones by means of the presynaptic inhibitory action on the group l a afferent fibres of the extensors, i.e., on the gamma-loop system of the extensors. The weaker flexor muscles have access to a system which reduces the excitation of extensor motoneurones ; and the flexor muscles would exercise a particularly effective influence of this kind when they were actively contracting against the more powerful extensors. Possibly this action is of importance in terminating the extensor phase of the step. The duration of the presynaptic inhibition corresponds well to the duration of the extensor quiescence in a step. However, this presynaptic inhibitory action would also be equally exerted on the monosynaptic excitation of flexor motoneurones. Evidently the presynaptic inhibition that is initiated by group 1 impulses from flexor muscles has a more complex functional meaning that still eludes our understanding. The complexity of the system will be appreciated when it is realized that group 1 afferent volleys from a flexor muscle at knee or ankle exert presynaptic inhibition on group l a fibres of the flexors and extensors of all joints of a limb (Eccles, Eccles and Magni 1961; Eccles, Schmidt and Willis 1962). A further complication is that the presynaptic depolarization of group la fibres is not entirely produced by the group I fibres of flexor muscles: the knee extensor muscle, quadriceps, often has a small but significant action. Finally, it should be mentioned that group Ib afferent fibres of
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 muscle also are depolarized by group 1 afferent volleys; but, in contrast to group Ia fibres, this depolarization is exerted by extensor afferent volleys with an effectiveness not much less than that from flexor volleys. Afferent volleys from cutaneous nerves have virtually no depolarizing action on either group la or Ib fibres of muscles. Inhibition of the central efects of the aferent jibres responsible f o r evoking t h e y e x o r reflex Investigations on the actions of afferent volleys both indirectly on motoneurones via interneuronal pathways and on the cells of origin of various types of ascending tracts have led to the conclusion that cutaneous and joint afferent fibres as well as group 11 and I11 afferent fibres from muscle have in common a diversity of central actions, which includes the setting up of flexor reflexes; hence they have come to be known collectively as flexor reflex afferents (FRA) (Eccles and Lundberg 1959; Holmqvist et al. 1960; Holmqvist and Lundberg 1961). Single volleys in cutaneous nerves produce a large and prolonged depolarization of cutaneous afferent fibres within the spinal cord. This depolarization can be accurately measured by recording with an intracellular electrode (Koketsu 1956; Eccles and KrnjeviC 1959), but it is more readily observed as the dorsal root potential (Fig. 9) or by the centrifugal discharge of impulses, the dorsal root reflex (Tonnies 1938). There is now evidence that all FRA afferent fibres both give and receive depolarization in the spinal cord. For example, group I1 and 111 volleys from muscle produce a dorsal root potential (Fig. 9B) by depolarizing cutaneous fibres, and, complementarily, cutaneous volleys
 
 Fig. 9 A : diagram showing manner of obtaining the responses illustrated in B and C. Recording of the dorsal root potential (DRP) is effected by leads applied to an isolated dorsal rootlet (from L7 root), one lead being about 1 mm from the origin of the rootlet from the spinal cord, the other on its cut distal end. The P potential from the cord dorsum is recorded by one electrode on the cord dorsum close to the dorsal root entry, the other being indifferently placed on the lumbar muscles. The responses of B were elicited by single stimuli to the gastrocnemius-soleus (GS) nerve at the indicated strengths relative to threshold, the upper traces being DRP’s, the other responses being led from the cord dorsum as shown in A . Strengths of stimuli are shown relative to threshold, 2.1 being maximum for group I , 8.4 for group 11 and 42 for group 111. The responses of C were elicited by stimulation of the purely cutaneous superficial peroneal nerve (SP) at 1.5, 4 and 40 times threshold. which are respectively about half maximum for the alpha fibres, maximal for the alpha fibres and maximal for the alpha and delta fibres. (Eccles, Kostyuk and Schmidt 1962a.) R e f e w n u s P. 16-18
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 depolarize group I1 and 111 muscle afferents (Eccles, Kostyuk and Schmidt 1962a,b). Volleys in cutaneous and high threshold muscle afferents excite the same interneurones in the spinal cord, and some a t least of these interneurones have properties suggesting that they lie on the central pathway concerned in depolarization of the FRA fibres. Fig. 10 gives diagrammatically this postulated interneuronal pathway in its simplest form. Impulses in cutaneous and group I1 and 111 muscle afferent fibres synaptically excite different interneurones, but these in turn converge onto and excite second order interneurones (called D-type), which make synaptic connections with the central terminals of primary afferent fibres, so effecting the presynaptic depolarization.
 
 2mm
 
 Fig. 10 Schematic diagram illustrating the suggested pathway for presynaptic inhibitory action on a cutaneous primary afferent fibre. Three cutaneous afferent fibres (C) and group I1 and 111 muscle afferent fibres (I1 and 111) are shown ending monosynaptically on their respective interneurones. These interneurones in turn have excitatory synaptic connections on an interneurone (D) whose axon makes synaptic connections on the synaptic terminals of the C fibres, which i s the postulated pathway for the presynaptic inhibition.
 
 By four independent methods of investigation it has been shown that a conditioning FRA volley produces a depression of the response to a testing FRA volley, which is attributable to the presynaptic depolarization produced by the conditioning volley, and thus is a further example of presynaptic inhibition. Firstly, there is inhibition of the flexor reflex, which is illustrated in Fig. 11 for two cutaneous volleys that produced almost the same flexor reflexes. There is seen to be approximately the same prolonged time course of inhibition when a volley in either one conditioned the flexor reflex response produced by the other. At testing intervals up to 50 msec there was almost complete inhibition. Secondly, there is inhibition of both the monosynaptic and
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 Fig. 11 Flexor reflex inhibition by a single cutaneous volley. The flexor reflex was evoked by a single volley in another cutaneous pathway and was recorded monophasically from the nerve to PBST muscle. The specimen records in A and B show in the upper line the reflex discharge which is integrated in the lower line. The numbers indicate the intervals in msec between the conditioning and testing volleys, which are specified above the respective series. PT and SP are combined to give about the same flexor reflex response (control (CON) in A ) as SU alone (CON in B). In C the amplitude of the integrated spike is plotted in percent of control values for various intervals between the two volleys. Open circles correspond with A , filled circles with B, the curve being drawn for the open circles. Stimulus strength for all nerves was 4 times threshold. Stimuli were applied every 4.5 sec. In A and B the voltage scale is for the monosynaptic reflexes. Same time scale in msec for all records. (Eccles, Kostyuk and Schmidt 1962b.)
 
 delayed discharges which cutaneous volleys produce in the ascending tract fibres of the dorsolateral funiculus of the same side (Fig. 12). The monosynaptic discharge is always less depressed than the delayed discharge, which is to be expected because it is produced by such a powerful synaptic excitation. Thirdly, there is depression of the monosynaptic EPSP which a cutaneous volley produces in neurones in the dorsal horn, much as in Fig. 6 A , these neurones being either interneurones or relay cells for the monosynaptic tract discharge (Eccles, Eccles and Lundberg 1960). Finally, as shown in Fig. 13, there is depression of the dorsal root potential (the presynaptic depolarization) produced by the testing volley (cfi Barron and Matthews 1938; Bonnet and Bremer 1938).Thus we have the basic performance of a negative feed-back system: an afferent volley produces presynaptic depolarization, which results in presynaptic inhibition, which in turn diminishes the effectiveness of a later afferent volley in producing presynaptic depolarization and presynaptic inhibition. Three of these experimental procedures have shown that presynaptic inhibitory action also occurs between cutaneous fibres and group I1 and I11 afferent fibres from muscle. Intracellular recording of the monosynaptic EPSP’s as in Fig. 6 A has not yet been investigated with this type of interaction. When attempting to understand the physiological significance of the negative feedback provided by presynaptic inhibition, it is helpful to consider the operational References P. 16-18
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 Fig. 12 Inhibition of discharges recorded from the ipsilateral cutaneous tract that was isolate1 in the upper lumbar segments and mounted on electrodes for monophasic recording. The action potentials were evoked by a single SU stimulus (4 times threshold) and were conditioned by another single stimulus (4 times threshold) in SP. The specimen records in A show in the upper line the early tract discharges, in the lower one the cord dorsum potentials. Each record consists of three superimposed sweeps. The numbers indicate the interval in msec between the two volleys, and CON is the control record. B shows a similar series recorded with a slower sweep speed, and with integrated traces so that the amplitude of the late discharges can be measured. Potential scales are for the monophasic records only. In C (open circles) the depression of the monosynaptic discharge (i.e., the amplitude of the first spike in A ) is plotted in per cent of the mean control value against the interval between the two volleys in msec. The filled circles show the depression of the late discharges as given by the integrated records of B. These were measured after the time of the monophasic spike in order to reject its contribution to the integrated response, i.e., measurements were from 1.3 msec to 19 msec after the onset of the monophasic discharge. (Eccles, Kostyuk and Schmidt 1962b.)
 
 conditions that normally obtain with all the diversity of afferent input into the spinal cord. Hitherto it has been assumed that all of this sensory information is processed in the spinal cord during transmission through interneuronal pathways which offer opportunities for inhibitory action at each synaptic relay. This inhibition would be exerted by a specific postsynaptic process generating currents that antagonised the postsynaptic depolarizing action of the excitatory synapses. Thus rejection of sensory input could occur only after it had excited interneurones. Presynaptic inhibition provides a mechanism for suppressing the sensory input before it has exerted a n y synaptic action. In this way a powerful afferent input through FRA channels can suppress all trivial inputs before they have an effective action on the central nervous system, which, as a consequence, is “cleared” for the “urgent” reflex actions set in train by the powerful input. It will be objected that the powerful input will also itself be subjected to the diffuse depressant action of the presynaptic inhibition which it generates, but, if it is sufficiently powerful, the depression will be negligible, as is illustrated for example with the monosynaptic tract discharges in Fig. 12. In general terms it can be stated that presynaptic inhibition provides the first stage in what we may term “perceptual attention”, whereby powerful sensory inputs with an implica-
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 Fig. 13 Interaction of cutaneous volleys as revealed by dorsal root potentials (DRP) recorded as in Fig. 9 A . The rootlet was taken from the caudal part of LS dorsal root. A shows the control dorsal root potential (CON) generated by a SP volley and its inhibition by a preceding volley in SU at intervals given by the time scale. In B the dorsal root potential evoked by the SU volley was conditioned by a SP volley. In C are the plotted points of the series partly illustrated in A (open circles) and in B (filled circles). The ordinates are the sizes of the DRP expressed as percentages of the mean control values and measured as the addition to the conditioning DRP. The stimulus strength for the nerves was adjusted to give about the same DRP size for SU and SP in the rootlet under observation. (Eccles, Kostyuk and Schmidt 1962b.)
 
 tion of urgency can suppress all concurrent trivial inputs into the central nervous system. Presynaptic inhibition probably also is responsible for contrast phenomena. DISCUSSION
 
 The general conclusion from the investigations on presynaptic inhibition is that there are in the spinal cord two neuronal systems that operate in producing presynaptic inhibition, with possibly a subsidiary system that acts on group Ib afferent fibres from muscle. One of these systems is virtually restricted to group I muscle afferents, being produced very largely by the group I afferent fibres of flexor muscles and received by the group Ia fibres of both flexor and extensor muscles. The other principal system probably includes all the FRA group on the receiving side, and is activated even more widely because the group I muscle afferents contribute in addition to the FRA system, though apparently by a quite independent interneuronal pathway. The operational relationships of the two systems can be represented as in Fig. 14 in which arrows show the directions of action of the depolarizing pathways. The subsidiary system giving depolarization of group Ib afferent fibres is also indicated, together with the action of group I volleys from extensors on the FRA system of fibres. The two principal systems correspond approximately to the two modes of sensory References p . 16-18
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 Fig. 14 Block diagram showing the operational relationships between the systems of presynaptic inhibitory action. As described in the text there are three different sets of primary afferent fibres, group la, group Ib and FRA fibres. The arrows show the directions of action of the pathways that depolarize these three sets of primary afferent fibres.
 
 input into the spinal cord. There is firstly the input from limbs functioning as passive and static receptors, e.g., hair movement, touch and pressure on skin, pressure on muscle (group 111; Paintal 1960, 1961; Bessou and Laporte 1961) and static information of muscle tension (group 11 of muscle; Harvey and Matthews 1961). Secondly, there is the group I input from muscle, which is principally dynamic (CJ: Harvey and Matthews 1961 !for group la) and which is largely concerned with the control of movement. It is activated particularly in response to the alpha and gamma motoneuronal discharges to muscle in combination with limb movements and external forces producing muscle tension. As a final comment it can be suggested that presynaptic inhibition may occur at sites remote from the zone of entry of afferent fibres into the spinal cord. For example inhibition with the prolonged time course of presynaptic inhibition occurs with the synaptic relay of group l a fibres on the DSCT cells in Clarke’s column (Eccles, Oscarsson and Willis 1961). Furthermore, Wall (1958) showed that, after a conditioning volley in the S1 dorsal root, the presynaptic terminals of primary afferent fibres in nucleus gracilis in the upper cervical region displayed an increased excitability that had a time course comparable to that observed in the lumbar enlargement; hence it can be presumed that the conditioning volley had effected a presynaptic inhibitory action in the nucleus gracilis by depolarizing the presynaptic terminals therein. As yet there has been no evidence suggesting that presynaptic inhibition occurs at synapses other than those made by primary afferent fibres. Evidently this possibility should be rigorously explored at sites that lend themselves to testing for presynaptic depolarization.
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 DISCUSSION
 
 F. BREMER:
 
 I must thank our colleague Eccles for having mentioned the former investigations carried out by us with Valentine and Bonnet, in the interpretation of central inhibition in spinal batracians preparations as blocking of afferents, attributing this block to interneuronal activity. Experiments on barbiturized frogs, which was starting-point of our analysis, consisted of suppression of the reflexogenic effect of a pair of afferent volleys (effect based on temporal summation) by means of a conditioning afferent volley through either the same nerve fibres or those of a contralateral nerve, separated from the reflexogenic pair by an interval sufficient to avoid addition to the temporal summation effect. Of course, the conditioning afferent volley had no visible reflexogenic effect; this eliminated any explanation on the basis of motor neuron refractoriness. Inhibition of the reflex thus produced was not abolished by strychnine, which could even increase it. The curve of evolution of the inhibitory process revealed a progressive development, followed by slow, regular dissipation. Generally, the depression of the reflex was still manifest 200 msec after inhibitory conditioning stimulation. In our experiments the slow dorsal root potential produced by the inhibitory and reflexogenic stimuli, was supposed to give information on the spinal interneuronal activity. Eccles - taking up the suggestion of Barron and Matthews -suggests that the dorsal root potential is the expression, by electrotonic diffusion, of a depolarization of intraspinal terminations of afferent fibres, actively produced by the inhibitory impulses; this means that this depolarization, which blocks synaptic transmission of afferent impulses of the conditioningvolley, is the instrument of the inhibitory effect. But when we consider the dorsal root potential corresponding with the test stimulus, it seems to express an inhibitory effect produced by the conditioning stimulus. There is a difficulty here. However this may be, the investigations of our colleague Eccles et a/. will doubtless elucidate the significance - so far somewhat enigmatic - of the dorsal root potentials! BREMER,F. et BONNET,V. Contribution a I’etude de la physiologie gkntrale des centres nerveux. L‘Inhibition rtflexe. Arch. Znt. Physiol., 1942, 52: 153-194. B. H. The interpretation of potential changes in the spinal cord. BARRON,D. H. and MATTHEWS, J . Physiol. (London), 1938, 92: 276-321.
 
 H. H. JASPER:
 
 To clarify my own thoughts on the rapid advances made by Prof. Eccles in his conception of mechanisms of inhibition, I would like to ask for more details concerning the present conception of the structural, anatomical, chemical or neurohumoral character of presynaptic synapses. Also would Prof. Eccles please elaborate on the mechanism whereby a depolarisation of presynaptic fibres - which should increase excitability - results, instead, in a decreased liberation of the excitatory transmitter substances.
 
 J. L. O’LEARY:
 
 I understood from your presentation, Prof. Eccles, that presynaptic inhibition involves depolarization. I also heard you say that you hypothesized a retardation in the passage of chemical transmitter. In the latter instance is it possible that the same axon might, under different circumstances, provoke an excitatory or an inhibitory effect, in one situation retarding and in the other facilitating passage of transmitter across the synaptic cleft?
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 J. M. BROOKHART:
 
 I should like to make sure that I understand correctly the basic evidence on which you base your inference that axo-axonic synapsesareresponsible for the primary afferent terminal depolarisation. Is it correct that this evidence consists principally in the differences which can be detected between the potential change recorded from the inside and outside of the afferent fibre?
 
 K.-E. HAGBARTH: It is still true, I suppose, that a conditioning group I afferent volley from a flexor muscle causes direct facilitation of the monosynaptic reflex elicited from a synergetic flexor. But you are now saying that in this case there is also a pre-synaptic inhibitory interaction involved. I want to ask you about the time relationships between the pre- and post-synaptic effects in this case. If the effects coincide, the presynaptic inhibition apparently tends to conceal the postsynaptic facilitation. But if instead the test reflex is elicited from an extensor muscle, the presynaptic inhibition will add to the postsynaptic inhibitory effect in this case. Is that correct?
 
 W. R. ADEY: In connection with Professor Eccles’ very interesting hypothesis of a presynaptic inhibitory mechanism, my colleagues and 1 were interested in a similar possibility several years ago. We investigated the effects of certain convulsant hydrazides, particularly thiosemicarbazide, in inducing seizures in cerebellar cortex. It was our conclusion, reported elsewhere (Adey et al. 1960) that these effects might be explained by interference with normal inhibitory activity in presynaptic terminal mechanisms. Has Professor Eccles investigated the effects of thiosemicarbazide or other convulsant agents on such presynaptic inhibitory mechanisms in the spinal cord?
 
 ADEY,W. R.,DUNLOP, C. W., KILLAM, K. F. and BRAZIER,M. A. B. In: Inhibition in the nervous system and gamma-aminobutyric acid. Pergamon, London, 1960: 3 17-323.
 
 R. JUNG: The most interesting features of presynaptic inhibition at sensory terminals, besides the mechanism of its postulated axon-axonal synapses seem to be its long duration and its large dipole potentiul Jield with electrotonic spread along the posterior roots. Thus Sir John Eccles presents us with a very simple explanation of the slow spinal and dorsal root potentials and possibly also of other slow waves at higher cerebral levels. For a physiologist who believes in the neurone theory it is a great comfort that Sir John found interneurones involved in this inhibition. This again shows similarities with inhibitory mechanisms and slow waves in the cerebral cortex. But we might speak about possible applications of Sir John’s discoveries to higher levels in the discussion of inhibition this afternoon. For the spinal cord it now appears well established that presynaptic inhibition is not a special and exceptional mechanism arising from flexor afferents, but is rather a general regulation of afferent systems. Functionally it might not only be important for negative feedback and homeostasis or for reciprocal innervation, but also for sensory information: It may depress the uninteresting background of afferent impulse flow and enhance the stronger and more important messages and thus work similarly to contrast mechanisms as Sir John has suggested. It seems possible that these spinal regulations of afferent influx might also be under the control of upper levels by cerebral efferents running to interneurones in the cord which subserve presynaptic inhibition. This might be as worthwhile investigating as it was for the Renshaw inhibition and for the gamma system. A dependence on higher centres might also elucidate the still obscure mechanisms of some clinical neurological syndromes. If presynaptic inhibition is unaffected by strychnine which kills postsynaptic inhibition, this would mean survival or even enhancement of presynaptic inhibition in the CNS, poisoned by strychnine. Under such conditions this surviving inhibition would then stand out from a background of released excitation. The large strychnine waves, found in the spinal cord and in the cortex, might then be also
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 an electrical manifestation of presynaptic inhibition. The slow rhythmical components which these strychnine waves contain (besides rapid neuronal discharges, probably caused by lack of postsynaptic inhibition) might also be the result of this presynaptic inhibition. This fits in with the long pauses of neuronal discharges, which we have found following “strychnine waves” and the associated high frequency neuronal bursts in the cortex. Not only normal spinal cord potentials or Bremer’s spinal strychnine rhythms but possibly also normal and abnormal brain waves may appear in a new light as a result of Sir John’s findings. I should like to know whether Sir John would find it permissible to apply these rather loose hypotheses and wide applications of his findings to other levels of the CNS. J. C . ECCLES’s replies
 
 To F. Bremer I would agree with Professor Bremer’s implication that the inhibition investigated by Dr. Bonnet and himself is an example of presynaptic inhibition; they were correct in associating this inhibition with the dorsal root potential. It may help to clarify the situation if it is realized that the dorsal root potential generated by an afferent volley is too late to exert any depressant action on the central excitatory action of that afferent volley. To H . H . Jasper I would distinguish between the transmitters responsible for presynaptic and postsynaptic inhibition on two grounds. Firstly, the two types of synapse have different pharmacological properties: strychnine is a very effective depressant of postsynaptic inhibition, acting probably competitively on the receptor sites, just as curare does at the neuro-muscular junction, whereas it has no action on presynaptic inhibition; by contrast presynaptic inhibition is not affected by strychnine, but is depressed by picrotoxin, which has no action on postsynaptic inhibition. The other ground for discrimination is that the synapses responsible for postsynaptic inhibition act by causing a membrane hyperpolarization, whereas presynaptic inhibition is produced by depolarizing synapses. This depolarizing action can also be distinguished from that of the excitatory synapses, because the latter synapses are not affected by picrotoxin, and also because the equilibrium potential is probably quite different, being probably no more than 20 mV depolarization for the presynaptic inhibitory synapses and virtually at zero potential for excitatory synapses, i.e. at about 70 mV depolarization. To J. L . O’Leary The question really relates to the equilibrium potential for the presynaptic action on the primary afferent fibres. Dr. O’Leary is correct in suggesting that it should be possible to depolarize these fibres beyond the equilibrium potential so that the synapses on these fibres have a hyperpolarizing action, with a consequent potentiation of their synaptic excitatory action on motoneurones. We have attempted to do this, but have never succeeded in producing a reversal. We presume that we have not yet been able to produce a sufficient current density to make the required change in the membrane potential of the primary afferent fibres to beyond the equilibrium potential.
 
 To J. M . Brookhart Yes, the most direct evidence is provided by the difference between the potentials recorded inside and just ouside a primary afferent fibre. This recording procedure gives just as reliable a measure of the presynaptic depolarization as does the intracellular recording from motoneurones for postsynaptic depolarization. However, in addition, the presynaptic depolarization is very effectively demonstrated by the increased excitability that is observed with brief testing electrical pulses. This increased excitability occurs along the whole intramedullary course of the primary afferent fibres, which establishes that there must be active depolarizing foci on these primary afferent fibres; for, if the depolarization were passively produced in the fibre by current flow, there must be regions of hyperpolarization with associated depressed excitability; and this is never observed. Finally, the dorsal root potential and the dorsal root reflex discharge provide further evidence of a large and prolonged presynaptic depolarization. All these types of investigation show that there must be a very large transport of electric charge across the surface membranes of the primary afferent fibres. In the vertebrate, chemically transmitting synapses are the only devices that are known to be capable of thiselectrical transport, which occurs by the increased ionic permeability that the chemical transmitter produces in the subsynaptic membrane.
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 To K.-E. Hngbnrtli It can be observed that these opposed actions do occur, but of course they have quite different time courses. The facilitation of group Ia monosynaptic action is maximum with simultaneous volleys in the nerves to two flexor muscles of the same joint; and has disappeared at an interval of 20 msec. On the other hand the presynaptic inhibitory action of a group I volley from a flexor muscle has a much slower time course, the latency of action being at least 4 msec with a maximum a t about 20 msec and a total duration in excess of 200 msec. Besides this difference in time course, there is of course a difference in distribution. The group Ia facilitation occurs only for the flexor muscles acting a t the same joint, whereas there is no such restriction in the field of action of presynaptic inhibition. There would also be a temporal discrepancy of about the same order between the myotatic and presynaptic inhibitions of extensor niotoneurones. To W. R.Adey Unfortunately picrotoxin and strychnine are the only convulsant drugs that we have so far tested on presynaptic inhibition, though there have of course been several more extensive investigations on postsynaptic inhibition. Our first postulate is that convulsant drugs are of two types: strychnine-like, depressing the postsynaptic inhibitions; and picrotoxin-like, depressing the presynaptic inhibitions. However, there may well be a third classof convulsants that act not on the inhibitions, but for example by intensifying synaptic excitation. Addendum: I have been unable to find any reference to presynaptic terminals and inhibition in the paper cited by Dr. Adey.
 
 To R. Jung 1 am in complete agreement with Professor Jung’s speculations on the possibility that presynaptic inhibition may occur also a t the higher levels of the nervous system, and hence provides a likely cause for the slow potential waves that characterize so much central activity. Experimental investigation should be designed in order to test these suggestions, as also the suggestion that cortical influence on the spinal cord may in part be due to presynaptic inhibition. The long time course of the presynaptic depolarization can, I think, be most probably explained by postulating that the presynaptic terminals are encapsulated so that the diffusion of the transmitter substance is greatly slowed. We are already familiar with a duration of transmitter (acetylcholine) action on Renshaw cells that is as long as 50 msec in the presence of cholinesterase and up to 2 sec when it is inactivated. One suspects that this encapsulation is a function of glial cells and that it is important in prolonging the action of the transmitter to a duration appropriate for its function, and also in giving a more efficient usage of the transmitter substance. The postulate of a diffusion barrier is supported by the observation that nenibutal greatly prolongs the duration of the presynaptic depolarization, for it seems likely that anaesthetics would be adsorbed on surfaces and so further clog the diffusional channels in the barrier. Alternatively, the prolongation by nembutal could be ascribed to an interference with an enzyme system that destroys the transmitter.
 
 Recurrent Inhibition as a Mechanism of Control RAGNAR GRANIT Nobel Institute for Neurophysiology, Karolinska Institutet, Stockholm (Sweden)
 
 It will be known in this circle that Renshaw, in making the experiments on recurrent inhibition (1941, 1946), which have served as a starting point for much later work, also saw recurrent excitation. This has since been studied by Wilson and his co-workers (Brooks and Wilson 1959; Wilson 1959) and everything points to its being the kind of disinhibition (Wilson et al. 1960) that Hartline and Ratliff (1956) first described in the Limulus eye. If I restrict myself to recurrent inhibition, this is because it is far morepotent on tonic extensors. In decerebrate preparations, in fact, we hardly ever see recurrent excitation which influences the motoneurones of the ankle extensors, unless it be identified with the rebound which is a common occurrence. Our work has been done with tonically responding extensor neurones and we were led into this field of study by our original interest in the gamma control of tone, which naturally leads to a study of the various aspects of the physiological mechanisms which center round the maintenance of longlasting tonic discharges and contractions. It was in this way that we encountered the fact that it was practically always possible to inhibit our tonic motoneurones, isolated in root filaments, by antidromic stimulation of the rest of the ventral root, while the phasic ones quite often proved highly resistant to this influence (Granit et al. 1957). We could never influence gamma motoneurones by antidromic stimulation which induced recurrent inhibition. These results were soon confirmed by others (Kuno 1959; Eccles et al. 1960 a ; Eccles et al. 1960 b). Because tonic motoneurones can be set to discharge at semistationary frequencies over a considerable time, this preparation seemed to offer excellent opportunities for trying to build up something quantitative out of a reflex act, including the principles of regulation shown by recurrent inhibition. It has never been shown that a maintained reflex discharge faithfully reflects the level of depolarization of the active region of the membrane of the motoneurone. In order to examine such a postulate, it was necessary to begin by assuming that it is a valid assumption and then to proceed to prove or disprove it. The idea is, of course, merely the well-known concept of the generator potential. Katz’s (1950) experiments with muscle spindles showed that the discharge rate is proportional to the amplitude of the slow potential change at the terminals. This has since been observed in experiments with other sense organs (MacNicholl956; Fuortes 1958,1959; Loewenstein 1960; Wohlbarsht 1960). For motoneurones we have the evidence obtained by Frank and Fuortes (1960 and personal References P . 34-JS
 
 24
 
 R. GRANIT
 
 communication) that, when a stimulus is applied through an intracellular electrode, the discharge rate is proportional to the depolarizing current over a considerable range. Eccles et al. (1954) have shown that recurrent inhibition is of the polarizing type. In the experiments the reflex discharge is obtained by tetanizing muscular afferents, some of which may be also inhibitory and may contribute a certain amount of polarizing current Ppol.But the large spindle afferents would cause depolarization P d e p and this would lead to a tonic discharge in proportion to the net depolarizing current (or depolarizing pressure). Hence we have the fundamental equation for discharge frequency F = k(Pciep f'po~) (1)
 
 +
 
 in which k is the proportionality constant, and the expression within brackets represents the net depolarizing current. It is possible to vary F by increasing the rate or strength of the afferent stimulation, so that we obtain, for any one motoneurone, a number of normal values Fn to put into the equation. In order to test our assumption that inhibition and excitation sum algebraically, the next step is to test, as is shown in the diagram of Fig. 1, by a constant antidromic tetanus of the rest of the ventral root. The stimulus frequency must be well above the natural firing rate of motoneurones. This means the introduction into the equation of a constant quantity F p 0 l . Hence we obtain the inhibited frequency Ft, which is
 
 Fi
 
 = k(Pdep
 
 +
 
 Ppol
 
 +
 
 P'pol)
 
 (2)
 
 DR
 
 Fig. 1 Experimental arrangement. Stimulating electrodes on severed gastrocnemius nerves and on the ventral root (VR), from which a single fibre (S) has been isolated. DR, dorsal root; the recurrent circuit is diagrammatically shown within the motoneurone pool ( M N ) . Below, record of spike discharging in response to repetitive stimulation of the gastrocnemius nerves; antidromic stimulation at 48/sec inserted at moment marked by dot; time marker, 100 c/sec (Granit and Renkin 1961).
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 from which it follows that Fn
 
 -
 
 Fi
 
 =
 
 -kP'p,1
 
 (3)
 
 Thus, if reflex firing can really be treated quantitatively on the assumptions made, whatever the rate of Fn (above a certain minimum), the difference between it and the inhibited rate Ft should be a constant. The appended diagram (Fig. 2) perhaps helps us to understand what this means.
 
 I
 
 Rate of discharge ~
 
 Fig. 2 Diagrammatic. Depolarizing pressure (=Paep Pp0l)plotted against the rate of discharge of a single motor cell responding to it. The curve marked F, shows their relationship without the addition of experimental recurrent inhibition. When RI, which is a constant amount of recurrent inhibition (= P'poi),is subtracted, the curve shifts to the dashed line marked Ft.
 
 +
 
 The firing rate is plotted on the abscissa against the net depolarization on the ordinate (upper curve). If we then subtract a constant amount of recurrent inhibition (RI in the graph), this amounts to removing a constant amount of depolarizing current and the inhibitory curve will be shifted downwards by a constant amount. Actually the experimental results have been plotted as in Fig. 3. Fa will be found on the abscissa and Ft on the ordinate. Now, if there were no recurrent inhibition, Fa would always be equal to Ft and the curve would be a 45" line with its proportionality constant 1.0. This curve is the upper one in the graphs of Fig. 3. The lower curve, obtained by the method of least squares, is drawn through the experimental values, and it is clear that our assumptions mean that it can only be moved downwards by a fixed amount, It should, therefore, also possess a regression coefficient of 1.0. This is seen to be so. The regression coefficient is given in the left upper corner; below it is the standard error, which is defined as the standard deviation divided by the square root of the number of observations ( N ) . With eighteen cells and a total of 470 References D, 34-35
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 Fig. 12 Responses to repetitious lateral column stimulation. Intracellular potential records from one cell in a preparation which was not treated with pentobarbital. Relative stimulus intensity indicated above each column. Stimulus frequency indicated at the start of each record in cycles per second. Resting potential level indicated at the left of some records by straight line. Time and sensitivity applicable to all records. With the weaker stimulus, the single and summated EPSP’s were smaller and only a low firing index was attained. Nevertheless, when it did fire, the unit was always “triggered”. With the stronger stimulation, “driving” was achieved following the fourth stimulus at 25 c/sec; the cell was “driven” at 50 c/sec, initially “driven” and later “triggered” at 100 c/sec.
 
 presynaptic volley may be made so small that the firing index never approaches unity. Nevertheless, when the cells did fire they were “triggered” in the sense used by Granit and Phillips (1957) with a uniform latency following each effective shock. When the size of the presynaptic volley was increased, the size of the individual EPSP’s was greater and a firing index of unity was readily achieved after summation of EPSP‘s had progressed to an adequate degree. With still larger presynaptic volleys a firing index of unity could be achieved without the necessity for summation. It is noteworthy that, as was the case with antidromic stimulation, failure of spike generation appeared to occur first in the initial segment. Only occasionally have we seen IS spikes generated without subsequent SD spikes (Soma-Dendrite, Eccles 1957). This form of stimulation characteristically induced a rapid summation of membrane depolarization to a
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 stable plateau value. At the end of the period of stimulation the membrane potential change gradually subsided over a period of 50-100 msec without any sign of the summating hyperpolarization which is so prominent in some of the records obtained from the cat (Curtis and Eccles 1960; Eccles and Rall 1951). Elimination of internuncial activity by treatment with pentobarbital did not alter these behavioral characteristics appreciably (Fig. 13). The pattern of firing and the L A T E R A L COLUMN EXCITATION ( Tr e o I e d )
 
 I/
 
 10
 
 f
 
 /t
 
 -
 
 !
 
 2
 
 9l
 
 L
 
 l
 
 J
 
 10 rn sec
 
 4
 
 U
 
 -
 
 1
 
 I
 
 L
 
 L
 
 Fig. 13 Responses to repetitious lateral column stimulation. Similar to Fig. 12 but from a different neurone in a spinal cord treated with pentobarbital to eliminate internuncial activity. Note similarities to behavior of untreated neurones.
 
 pattern of membrane potential changes in this treated neurone was in all respects identical to that seen in Fig. 12. This similarity in firing behavior in the treated and untreated conditions is emphasized when we compare the relationship between firing index and frequency of stimulation for a larger population of cells (Fig. 14). In both situations, those cells which fired with low frequency stimulation behaved very much as though they were being fired antidromically. Those cells which fired only after summation of EPSP’s had been achieved by repetitious excitation approached their maximum firing indices at frequencies between 30 and 50 clsec and were usually “driven”. Taken together, these data permit the conclusion that internuncial influences do not contribute significantly to the behavior of neurones responding to axo-somatic excitation. We get the impression of a powerful synaptic relationship readily capable of “driving” (Granit and Phillips 1957) motor neurones to the limit of their ability to respond, capable of maintaining a steady discharge frequency, and with an ability to induce sustained summated depolarization which may reflect the prolonged duration of transmitter action (Fadiga and Brookhart 1960). In short, this is a synaptic
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 Fig. 14 Performance characteristics of neurones orthodromically excited over lateral column fibers. Firing index related to frequency of stimulation as in Fig. 11 for untreated (left) and treated (right) neurones. Note similarity of behavior of antidromicallyexcited neurones and those which exhibited firing index of 1.0 at low frequencies. Firing index of those units unresponsive to low frequency stimulation approached unity when summationof EPSP’s was achieved by repetitivestimuli. Those units requiring summation generally responded in a “driven” fashion in the 50-100 cycle range.
 
 relationship which would not allow the motor neurone to exhibit whatever integrative capabilities it may have, but which would force it to reflect the presynaptic frequency. Orthodromic responses to dorsal root excitation. The results of dorsal root excitation have also been examined in the presence of and in the absence of depression of internuncial activity. In the untreated state (Fig. 15), rather wide variations in discharge pattern have been noted in different preparations. On the right are records from one cell in which it was impossible to achieve a firing index of unity, and in which summation of post-synaptic depolarization was not pronounced. On the left are records from another cell in which the firing index was greater than unity at low frequencies because each shock induced the generation of multiple discharges. At a stimulus frequency of 40 c/sec this cell settled down to a firing index of unity, behaving in a “driven” fashion (Granit and Phillips 1957). At a stimulus frequency of greater than 40 c/sec the ultimate behavior is described by a firing index of far less than unity and an average frequency of approximately 30 c/sec. In this condition the cell was neither “triggered” nor “driven” but initiated discharges at variable intervals following shocks. Its behavior resembled closely the type of activity sometimes seen in cortical cells to which I have heard Dr. Jasper apply the term “idling discharge”. From our past experience with this preparation, we can be quite confident that the activity initiated in the untreated cord by dorsal root excitation involves internuncial cells to an important degree. Indeed, when preparations treated with pentobarbital were examined, it was difficult to secure any discharge from the motor neurones. The frequency distribution diagrams presented here (Fig. 16) summarize our experience with 97 cells subjected to activation over dorsal root fibers. The horizontal axis refers to the number of impulses evoked from each cell by each single dorsal root stimulus. References P. 60-61
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 Fig. 15 Responses to repetitious dorsal root excitation. Intracellular potential changes initiated in two untreated neurones from two different preparations. Time and sensitivity calibrations (upper right) apply to all records. Frequency of stimulation shown at the beginning of each record in cycles per second. Wide variations have been encountered in ability to secure firing, associated with differences in EPSP’s. Note differences in amount of “synaptic noise” between spikes in these two units. The unit on the right never achieved a firing index of 1.0. The unit on the left showed a firing index greater than 1.0 at 1, 10 and 40 cjsec. After the initial high frequency burst it fired in a “driven” fashion at 40 c/sec. At 100 c/sec the firing index was quite low, and the rhythmic firing at approximately 30 c/sec occurred with random relation to individual dorsal root stimuli.
 
 When internuncial participation was depressed by pentobarbital, none of the cells fired repetitiously and single discharge could be secured in only 28 per cent of the treated population. The individual EPSP’s were smaller in amplitude and the degree of depolarization achieved by repetitious stimulation was considerably less than seen during lateral column stimulation (Fig. 17). Within the limits of concentration of pentobarbital which the preparation could tolerate it has been impossible to eliminate completely all signs of internuncial participation. The characteristic membrane potential changes showed a ready ascent to a peak value. During this phase the EPSP’s were complex and obviously not solely monosynaptic in origin. After the initial burst of internuncial reinforcement, the level of membrane depolarization subsided to a plateau value which was of the order of 50 per cent of the peak value. The cessation of stimulation was followed by a return to resting membrane potential values along a time course resembling that of a unitary EPSP. Further appreciation of the importance of internuncial reinforcement of dorsal root impulses is gained from a comparison of the relations between firing index and frequency in the treated and untreated states (Fig. 18). As is evident from these graphs, dorsal root excitation was not capable of evoking a sustained high firing index when
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 Fig. 16 Multiple discharge following single dorsal root stimuli. Frequency distributions of number of discharges to single dorsal root shocks in 47 untreated neurones (above) and 50 neurones treated with pentobarbital (below). The horizontal axis indicates the number of discharges. The vertical axis indicates the percentage of the respective populations. The differences between the treated and untreated groups are ascribed to differences in interneuronal behavior.
 
 frequency was elevated. Even the firing index of those cells which fired repetitiously with low frequency stimulation dropped to unity or less at 50 c/sec. In no case was the summation of EPSP’s attendant upon repetitious excitation capable of increasing the firing index of those cells which could not be fired by a single stimulus. The depression of internuncial activity even further compromised the ability of these cells to engage in repetitious response with the result that firing indices were not sustained at unity even with low frequencies of 5 and 10 clsec. From responses such as these which I have just described, we get the impression that the monosynaptic axo-dendritic pathway is relatively ineffective in terms of initiation and sustenance of discharge unless supported by internuncial reinforcement. Many of our records lead us to believe that frog interneuronesdischarge repetitiously as do many such neurones in the cat spinal cord (Kolmodin 1957; Hunt and Kuno 1959; Wall 1959; Eccles ef al. 1960).It is quite reasonable to conclude that this internuncial activitycreates a brief wave of depolarization which engenders a short burst of high frequency impulses from the motor neurone. Araki and Otani (1959) express the opinion that the early cessaReferences P. 60-61
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 Fig. 17 Responses to repetitious dorsal root excitation. Intracellular potential changes in a single neurone after treatment with pentobarbital. Frequency of dorsal root excitation indicated at the start of each record in cycles per second. Resting membrane potential baseline indicated at the right in some records. Note the complexity of the EPSP's in the early responses of the train suggesting brief burst ofinterneuroneactivity. Coincident with the appearance of unitary, monosynapticEPSP's the degree of depolarization diminishes. Note increasing level of steady-state depolarization with increasing frequency. The last record in the series illustrates the effects of re-stimulation at 197 c/sec after an abbreviated rest period of less than 0.5 sec. The response appears to be devoid of the effects of internuncial reinforcement in its early phases.
 
 tion of firing followingdorsal root excitation is theresult ofaccommodation ofthe trigger zone. We may infer from the observed changes in firing thresholds of both segments of the spikes that accommodation does enter into the picture; but it appears to do so to an equal degree with both forms of stimulation. Consequently, we are inclined to believe that withdrawal of internuncial reinforcement plays a more important role in the abbreviation of the discharge evoked by dorsal root excitation. In summary, we have observed two different kinds of discharge pattern. Impulses delivered to the motor neurone over axo-somatic synapses are capable of driving these motor neurones at presynaptic frequencies, forcing them to reflect the level of their input in terms of output frequency. Axo-dendritic synapses, plus internuncial pathways, seem to afford a mechanism whereby the motor neurone has the opportunity to differentiate increases in its input level and to signal, by its output frequency, the rate of change of input rather than its absolute level.
 
 INTEGRATIVE FUNCTION OF THE MOTOR NEURONE
 
 55
 
 DORSAL ROOT S T I M U L A T I O N TREATED- 14 Unifs
 
 I.(
 
 , 0.: C Frequency -clsec
 
 Frequency- clsec
 
 Fig. 18 Performance characteristics of neurones orthodromically excited over dorsal root fibers. Similar to Fig. 11 and 14. The influence of depression of internuncial reinforcement by treatment with pentobarbital is seen in the reduction of firing index at low frequencies and in the rapid diminution of firing index of treated neurones as frequency is raised. The treated group includes all of the neurones indicated in Fig. 16 which fired once in response to single dorsal root shocks.
 
 The role of accommodation. We may look in several directions for reasons which might explain these different modes of behavior. The studies of Araki and Otani (1959) and Araki (1960) have emphasized the accommodative properties of toad motor neurones and have called attention to their ability to develop responses of somatic origin under certain circumstances. Although the records available to us at present are not adequate for critical analysis, the changes in IS and SD thresholds during both forms of orthodromic stimulation appear to be essentially identical. For the time being, we are inclined to the opinion that accommodation during depoIarization induced from distant sites on dendrites is not different from accommodation during direct somatic depolarization. Thus, we are not hopeful that differences in this property of the post-synaptic membrane will correlate with the observed differences in behavior. Thesignijkance of post-synapticmembrane potential changes. We have also examined the post-synaptic membrane potential changes which follow both forms of stimulation in the search for cues concerning the release of transmitter substance. The graphs of Fig. 19 represent the results of measurement of the amplitudes of individual EPSP’s averaged over the first 300 msec of stimulation and related to the frequency of References p , 60-61
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 Fig. 19 Single EPSP amplitudes as a function of frequency of stimulation. All preparations treated with pentobarbital. Orthodrornic excitation over lateral column fibers (left) and dorsal root fibers (right). Mean values of single EPSP’s determined for first five to ten responses at lower frequencies and for responses during first 300 msec of stimulation at higher frequencies. Note that, within the frequency limits of motor neurones (see Fig. 11, 14), EPSP’s induced by lateral column stimulation either remained constant or rose slightly in amplitude, whereas EPSP’s induced by dorsal root excitation underwent progressive reduction with increasing frequency.
 
 excitation. The amplitudes of single EPSP’s generated by single dorsal root and single lateral column stimuli fall into the same range of values. However, even though all of the preparations used in this measurement were treated with pentobarbital, the EPSP’s generated by dorsal root stimulation probably reflected some internuncial activity. In spite of this help, the average value for single dorsal root EPSP’s at low frequencies is obviously smaller than that resulting from lateral column stimulation. With increasing frequency of stimulation, the size of the individual EPSP’s generated by lateral column stimulation was quite constant; indeed, in some cases the size of the EPSP was actually increased with increasing frequency. The EPSP’s generated by dorsal root excitation, on the other hand, underwent a steady and progressive diminution as the frequency of excitation increased. It is impossible to ascribe this diminution specifically to either pre- or post-synaptic changes. It may reflect a change in the amount of transmitter released per impulse, or it may reflect desensitization of the post-synaptic membrane (Curtis and Eccles 1960; Thesleff 1959), an action which would be enhanced by the relatively long duration of transmitter action in this species (Fadiga and Brookhart 1960). Whichever the case, the direct axo-somatic terminals and somatic membrane apear to be more capable of inducing continued large increments of depolarization even though the frequency of excitation rises. If we were to design a system which would be capable of forcing or driving the post-synaptic element to respond to input frequency, we would make arrangements so that trans-
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 mitter action could be sustained at a powerful value at all frequencies of operation that fell within the capabilities of the membrane to respond. Such seems to be the case with the axo-somatic synapses of lateral column fibers. If we were to design a system for the purpose of responding only during periods when the level of input was increasing, we would make arrangements for a rapid subsidence of transmitter action after the achievement of a steady state of input. This appears to be the manner in which the dorsal root fibers and internuncial pathways behave in this preparation. We have already seen that both forms of excitation are capable of inducing sustained membrane depolarization during repetitious excitation. The graphs in Fig. 20 illustrate how the steady-state level of depolarization, measured late in the stimulus train, varied with changing frequency. In all cases the preparations were treated with pentobarbital. The late measurement, and the unitary contours of the EPSP’s allow us to look upon these responses as the reflection of monosynaptic excitation. For both
 
 LATERAL COLUMN STIMULATION
 
 Frequency- cfsec
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 Frequency-c/ 5ec
 
 Fig. 20 Steady-state depolarization as a function of frequency of stimulation. All preparations treated with pentobarbital. Inserts above: representative intracellular potential changes induced by stimulation of lateral column fibers (left) and dorsal root fibers (right) at 30 c/sec. Measurements of steady-state depolarization made from resting membrane potential level to troughs between individual EPSP’s during last responses in train. See discussion in text.
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 varieties of excitation, the steady-state level rose as frequency increased. The slopes of the lateral column curves, and the final level reached, are such as to insure that the motor neurones were brought close to their firing levels. In this condition, the large individual EPSP’s would be more apt to secure firing even in the face of accommodation. We must not allow ourselves to be misled by the apparent weakness of the steadystate depolarization which is induced by repetitious axo-dendritic excitation. It will be recalled that Fadiga and Brookhart (1960) estimated that the degree of decrement associated with electrotonic propagation of an EPSP from its dendritic origin to the point of recording at the cell body was such that a depolarization of between 20-30 mV at the dorsal dendrites would be reflected at the cell body by an EPSP of only 2 mV. The failure of these cells to fire, in spite of the extensive dendritic depolarization which must have been induced, may be regarded as evidence that propagated action potentials are either not induced in these dendrites or fail to propagate the entire distance to the cell. The simplicity of the EPSP and its exponential decay argue against the latter possibility. It may be predicted that even though extensive dendritic depolarization is only able to shift the membrane potential of the cell through a few millivolts, this small shift should have its influence on excitability. Measurements of responsiveness to intracellular stimulation which are now being carried out will give us the answer to this question shortly. A FUNCTION FOR DENDRITES
 
 It seems to us that this ability of dendrites to undergo extensive depolarization without propagated impulses is fundamental to the role played by axo-dendritic synapses in the integrative function of motor neurones. If this were not true -if dendrites were able to propagate impulses to the cell body and beyond -then axodendritic synapses would be equal to axo-somatic synapses in their power to secure “driving” of the motor neurone. Under such conditions, the motor neurone would be capable of functioning only as a simple relay and all sensorimotor integration would perforce be shifted upstream in neuronal systems. The ability of dendritic processes and membrane to receive extensive depolarizing input, and thereby to shift the somatic membrane potential without firing the cell establishes a mechanism whereby presynaptic activity delivered to dendrites can modulate excitability throughout an extensive range below the firing threshold. In proposing that dendritic extensions which do not propagate all-or-none impulses express their function by modulating excitability of the trigger zone without firing it, we are not challenging the validity of some inferences that dendrites may propagate action potentials (Cragg and Hamlyn 1955; Spencer and Kandel 1961). It does not seem probable to us that the transition from somatic membrane characteristics to dendritic membrane characteristics occurs abruptly a t a specific boundary somewhere on the cell processes. It seems more reasonable to suppose that the transition from electrically inexcitable to electrically excitable membrane occurs gradually, and may do so at different distances from the cell in different varieties of neurones. The data
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 of Spencer and Kandel (1961) indicate that the development of a dendritic action potential in the proximal portions of the dendrites of hippocampal pyramids adds an abrupt increment to synaptically induced depolarization and shifts the membrane potential past the firing level of the trigger zone. Thus it would appear that when the level of depolarization of dendritic membrane is reached at a portion of the dendrite which can produce a propagated response, cell firing is thereby ensured. Spencer and Kandel (1961) observed the signs of dendritic spikes in about 25 per cent of the cells they studied. They propose that the proximal dendritic spikes act as a booster for “otherwise ineffectual dendritic synapses”. By using the term “ineffectual” we are sure that Spencer and Kandel(l961) did not mean to imply that dendritic synapses were without any influence on cell functions. We would suggest that in some cells the structural characteristics, which are not uniform from cell to cell, were conducive to the extension of excitable membrane farther out on the dendritic stumps where it could function as a booster zone. In the majority of cells in which a booster zone was not present, impulses delivered to dendrites could still modulate excitability without producing discharge because of the high threshold of dendritic membrane. Thus, even though dendritic synapses might be ineffectual in securing discharge they could still be important to the integrative behavior of the motor neurone. We do not consider the disposition of synaptic terminals on distal dendrites to be the only mechanism whereby the motor neurones might be permitted to engage in integrative behavior. It seems to us highly probable that wide variations occur in the potency of individual synaptic terminals. Certainly the variations in synaptic structure must have some meaning. It is generally accepted that small, relatively impotent terminals on a soma might be incapable of inducing a threshold depolarization. If a sufficient number of such terminals were simultaneously active, integrative summation and firing would occur at strictly somatic loci. However, to accept this as the sole and only mechanism whereby integration could occur leads us into two difficulties. First, the somatically induced EPSP is brief compared to the dendritically induced EPSP delayed by electrotonic propagation. If each presynaptic impulse had only a brief influence on somatic membrane potential, then the frequency required for the production of a given level of summation would be higher and the limitations imposed on presynaptic systems would be greater than would otherwise be the case. Second, the membrane area of the somatic portion of the neurone has been estimated to be only a small fraction of the total area of the cell (Sholl 1956). If integration at somatic levels were the only possibility, the small area of the somatic membrane would operate to restrict the number of synaptic contacts to one-tenth or onetwentieth the number which could be made on dendrites and soma together. Such a serious restriction in number would reduce the variety of inputs capable of influencing motor neuronal behavior and would leave the dendritic synapses without any role to play in the regulation of neuronal functions. In summary, these experiments offer support for the validity of the suggestion made on theoretical grounds by Coombs et al. (1957) that the high threshold of dendritic portions of the motor neuronal membrane is a characteristic which is of considerable importance to the ability of motor neurones to exhibit integrative behavior. The Rc1crenc.s P. 6 0 4 1
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 difference between the point of view expressed here, and that so frequently encountered, is primarily one of attitude. Whereas others regard the characteristics of dendrites as detrimental to their ability to control impulse initiation, we are inclined to view these characteristics as an attribute by virtue of the part they play in support of integrative behavior. I cannot leave this subject without pointing out that this line of thinking leads us into a problem area of a more philosophical nature. We are dealing with the notion that the spatial arrangement of synapses on a neurone and its processes is of importance in determining the manner in which the neurone responds to its input. In terms of the behavior of the whole organism, this means that synaptic contacts cannot be made at random. It suggests that synaptic contacts destined to drive the recipient neurone as a relay should be made on or near the cell body; whereas synaptic contacts intended to modulate excitability and permit neuronal integration should be made on dendritic membrane distant from the cell. If this is an acceptable notion, then we must some day address our attention to the organizing force, the guiding hand, which leads the proper presynaptic terminals to the proper points on the neurone. I must admit that no experimental approaches to these problems have suggested themselves as yet. REFERENCES ALANIS,J. Effects of direct current on motor neurons. J. Physiol. (Lond.), 1953, 120: 569-578. ARAKI,T. Effects of electrotonus on the electrical activities of spinal motoneurons of the toad. Jap. J. Physiol., 1960, 10: 518-532. ARAKI,R. and OTANI,T. Accommodation and local response in motoneurons of frog’s spinal cord. Jap. J. Physiol., 1959, 9 : 69-83. BARRON, T. H. and MATTHEWS, B. H. C. The interpretation of potential changes in the spinal cord. J. Physiol. (Lond.), 1938, 92: 276-321. BISHOP,G. H. Natural history of the nerve impulse. Physiol. Rev., 1956, 36: 376-399. BONNET,V. et BREMER, F. Les potentiels synaptiques et la transmission nerveuse centrale. Arch. int. Physiol., 1952, 60: 33-93. BROOKHART, J. M. and FADIGA, E. Potential fields initiated during monosynaptic activation of frog motor neurons. J. Physiol. (Lond.), 1960, 150: 633-655. BROOKHART, J. M., MACHNE, X. and FADIGA,E, Patterns of motor neuron discharge in the frog. Arch. ital. Biol., 1959, 97: 53-67. COOMBS, J. S., CURTIS, D. R. and ECCLES,J. C. The generation of impulses by motoneurones. J. Physiol. (Lond.), 1957, 139: 232-249. CRAGG,B. G . and HAMLYN, L. H. Action potentials of pyramidal neurons in the hippocampus of the rabbit. J. Physiol. (Lond.),1955, 129: 608-627. CURTIS,D. R. and ECCLES, J. C. Synaptic action during and after repetitive stimulation. J. Physiol. (Lond.), 1960, 150: 374-398. DELORENZO, A. J. Electron microscopy of the cerebral cortex: 1. The ultrastructure and histochemistry of synaptic junctions. Bull. Johns Hopk. Hosp., 1961, 108: 258-279. DUDEL, J. and KUFFLER, S. W. Presynaptic inhibition at the crayfish neuromuscular junction. J. Physiol. (Lond.), 1961, 150: 543-562. ECCLES, J. C. The physiology of nerve cells. Johns Hopkins Press, Baltimore, 1957, 270 pp. ECCLES,J. C. The properties of dendrites. In D. B. TOWERand J. P. SCHADB(Editors), Structure and function of the cerebral cortex. Elsevier, Amsterdam, 1960, 192-203. ECCLES,J. C., ECCLES,R. M. and LUNDBERG, A. Durations of after-hyperpolarization of motor neurons supplying fast and slow muscles. Nature, 1957, 179: 866-868. ECCLES, J. C., ECCLES, R. M. and LUNDBERG, A. Types of neurone in and around the intermediate nucleus of the lumbosacral cord. J. Physiol. (Lond.), 1960, 154: 89-114.
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 DISCUSSION
 
 J. C. ECCLES: (1) I was particularly interested in Professor Brookhart’s statement that he has not been able to find any postsynaptic inhibitory potentials in frog motoneurones. It occurs to me that presynaptic inhibition may provide the principal inhibitory mechanism in the frog. The large dorsal root potentials show that presynaptic depolarisation is very large. Furthermore, the negative feed-back of motoneuronal discharge does not occur via Renshaw cells, but by presynaptic inhibition, as is revealed by the dorsal root potential produced by ventral root volleys. (2) I assume from the records showing a very clear IS-SD separation of the motoneuronal spike potential that, just as with mammalian motoneurones, impulse generation occurs in the initial segment, both with dorsal root and lateral column stimulation. The large SD spike shows that a considerable part of the soma-dendritic membrane is electrically excitable. However the large depression of the spikes during repetitive synaptic activation shows that impulse propagation progressively fails over the SD membrane as it becomes more and more depolarised by the cumulative synaptic action. This would accord well with your suggestion that there is normally a very poor safety factor for this propagation.
 
 F. BREMER: The peculiar histological structure of the spinal cord in batracians invites those interested in the physiological significance of neuron dendrites to institute experimental investigations which our colleague Brookhart must certainly have considered. I should like to ask him whether it would be technically possible using the elegant method which he describes - to eliminate from spinal functioning the dendritic arborizations of the motor neurons which, in frogs, extend into the whitc matter, and to see whether an elementary spinal reflex would subsequently occur. In the case of superficial dendritic arborizations of the neocortex, my experiments in destruction (by controlled thermocoagulation, paralysis or by topical application of depressor agents) have had no significant effect on the voltage and the form of the exosomatic component of the elementary evoked potential, nor on the facilitating effect of the reticular influx of arousal on this component. 1 believe that these negative results are a warning for those inclined to accept the currently popular conception which attaches fundamental importance to the dendrites in the regulation of elementary neuronic functions.
 
 D. ALEE-FESSARD: I should like to mention an anatomical finding which was recently communicated to me by Dr. Bowsher of Liverpool. Using the Glees method in studying synaptic contacts at the level of thc primary somaesthetic thalamic relay on the one hand, and converging nuclei on the other hand, he found that the connections in the primary relay are both axo-dendritic and axo-somatic (the former being predominant), whereas the contacts in the converging nuclei are essentially axosomatic. I n the thalamic relay, therefore, there exists a duplicate system of connections reminiscent of the features which you described for the cord. It is interesting that this type of connection is found in a relay which must transmit information while at the same time maintaining good point-by-point correspondence between the periphery and the cortical projection. The axo-dendritic afferents, which are least well placed to engender the start of impulses, are probably efficacious only by virtue of a degree of integration of impulses of
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 the same origin; this is probably effected in the primary relay, and it preserves a certain somatotopic organization. In heterogeneous converging nuclei, where the density of afferents of the same category is only slight, the axo-somatic disposition of synaptic contacts ensures at least new integration. 0. POMPEIANO:
 
 The findings of Prof. Brookhart again underline the importance of the concept that synapses on dendrites are not functionally equivalent to synapses on the perikarya. It has also been shown in mammals that there are different types of synaptic contact among afferents to the same population of neurones. One typical example is given by the lateral vestibular nucleus in the cat. Recent anatomical studies made with the silver techniques (Brodal et al. 1961) have shown that the primary vestibular fibres to Deiters’ nucleus have mainly axo-dendritic synapses on the small cells. The spinal afferents, on the other hand, synapse only with perikarya of giant Deitersian cells. There are also particularly striking differences between the cortical cerebello-vestibular and the fastigio-vestibular fibres with regard to their pattern of termination in Deiters’nucleus. The former end on the dendrites of giant cells while the majority of the fastigio-vestibular fibers synapse with the perikarya and dendrites of the small cells. A knowledge of the synaptic arrangements in the Deiters’ nucleus, as well as in other structures, is of great functional interest. BRODAL, A., POMPEIANO, 0. and WALBERG, F. The vestibular nuclei and their connections. Anatomy and functional correlations. Oliver and Boyd, Edinburgh, 1961. A. FESSARD:
 
 I am wondering if the differences you showed to exist in effectiveness-that is in amplitudes, latencies, etc. - between activations either through a dorsal root or through the lateral column, may not be due, at least in part, to differences in afferent impulse densities characterizing these pathways; in other words, if the number of fibers involved in either case is equivalent or not; and, if not, if one cannot make this an important determining factor for the differences observed, assuming the occurrence of spatial summation at synapses, as is most likely.
 
 BROOKHART’s replies To J. C. Eccles
 
 With regard to the absence of inhibitory responses, I should say that it is only in the intracellular studies that this remark is applicable. We have only recently learned how to evoke reciprocal inhibition of ventral root reflex discharges through the stimulation of specific nerve trunks innervating specific muscles. The experiments now in progress should enable us to examine the intracellular events accompanying this kind of inhibition as well as that variety described by Bremer following contralateral dorsal root stimulation. I am not ready yet to accept the notion that the subsidence of excitatory depolarization during repetitious D R stimulation is due to presynaptic inhibition. When the sign of the afferent volley is recorded focally during this kind of stimulation, it undergoes no change even though the postsynaptic response undergoes diminution. If my understanding is correct, presynaptic inhibition should be reflected by a reduction of this sign of activity in parallel with the reduction of postsynaptic response. To F. Bremer Prof. Bremer’s kind remarks give me the opportunity to re-state the pattern of my own thinking. I would expect that the electrotonic prolongation of dendritically induced EPSP’s is conducive to their smooth summation so that a continuous asynchronous arrival of presynaptic impulses could readily lead to a sustained tonic effect on neuronal excitability. The example which Prof. Bremer cites, wherein no modification of surface-positive portions of an evoked cortical response occurs in the absence of any surface negativity assignable to dendrites
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 is a very interesting one. However, the synaptology involved in such a phenomenon is complex and poorly understood. 1 would not venture to try to explain the observation without a great deal more anatomical information about the presynaptic systems involved. We have not directed our attention to a specific test of this sort of situation in the frog. However, early in the series of experiments involving intracellular recording, we became convinced that the microdissection of the pial investment of the cord, necessary to permit penetration by the micropipette, had to be done with extreme delicacy. It is still our firm impression that good reflex and lateral column responses from a preparation can be seriously affected by removal of the pia in such a manner as to damage the underlying superficial marginal plexus of dendrites. Consequently, although we are only at the level of gross observation, and have no rigid analysis of our impressions, we are convinced that damage to this marginal plexus has a deleterious effect upon the excitability of the related motor neurones.
 
 Joint reply to D . Albe-Fessard and to 0 .Pompeiano There are indeed interesting and important anatomical observations. It is important, in my estimation, to devise experiments which will clearly reveal the differences between the capabilities of these two varieties of presynaptic connections. To D . Albe-Fessard No comment on anatomic observation of VPL. See joint response to Albe-Fessard and to Pompeiano.
 
 To A . Fessard Prof. Fessard has put his finger on a soft point in this whole structure. However, there are fairly good reasons for discounting the importance of spatial summation in the case of the lateral column responses. In the first place, we have the impression that the lateral column bundle is quite small. It is necessary to search carefully with small penetrating electrodes in order to find the proper focus for the elicitation of a clean lateral column response of short latency and free of after-discharge. Consequently, it seems to us that only a relatively small number of descending fibers is involved. Secondly, once the appropriate stimulus site has been found, very fine control of stimulus intensity is required in order to evoke only an EPSP without firing the motor neurones. Minimal increases from an intensity which is adequate to initiate a threshold EPSP will evoke a discharge. Consequently, while we have a strong impression that this system does not require much in the way of spatial summation, we still lack the critical numerical data. When records are made from appropriate foci, the focal signs of the presynaptic volley can be compared in terms of amplitude. The dorsal root presynaptic volleys are always seen to be much larger than those aroused by lateral column stimulation even when the postsynaptic responses are equivalent in magnitude. This is an additional reason for believing that spatial summation is not of great importance in establishing the powerful control of discharge exerted by lateral column fibers. Finally, in studies of EPSP’s alone, of a value subthreshold for discharge, we have found that the patterns of summation initiated over these two pathways are independent of the magnitude of the EPSP initiated by a single volley. The differences in patterns of LC- and DR-EPSP summation remain the same for submaximal through maximal EPSP values.
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 INTRODUCTION
 
 A suddenly applied noxious skin stimulus in man is apt to elicit, not only a sensation of pain accompanied by startle and autonomic responses, but also a specifically patterned movement which tends to cause a withdrawal from the offending object. It is well-known that nociceptive withdrawal responses occur also in spinal preparations, the ipsilateral flexion and the crossed extension reflex serving as classical examples of such spinal defence mechanisms. Little is known, however, about the way in which such spinal nociceptive reflexes are normally integrated into the total adaptive defence behaviour of an intact human being. The electromyographic recording technique has proved to be a valuable tool in studies devoted to this problem, because it not only informs us about the strength and the temporo-spatial patterns of the muscular responses to the noxious stimuli, but it also allows accurate latency measurements, which may tell us something about the length of the reflex arcs involved. Recent electromyographic (EMG) studies of the human abdominal skin reflexes led to the conclusion that, even though these reflexes are spinal, they possess a certain degree of functional adaptability, which implies a type of learning in some of the supposedly most stable pathways of the neuraxis (Kugelberg and Hagbarth 1958; Hagbarth and Kugelberg 1958; cf. also Teasdall and Magladery 1959). We have now continued to study the adaptive behaviour of nociceptive cutaneous reflexes in man, but this time we have focussed our attention on ipsilateral hind limb reflexes. Previous EMG studies of these reflexes have shown that their latencies and patterns largely correspond to those of spinal flexion reflexes (Kugelberg 1948; Hoffniann et al. 1948; Dodt and Koehler 1950; Pedersen 1954). More recently, however, the receptive fields for individual muscles have been systematically analysed (Hagbarth 1960 b; CJ also Kugelberg et al. 1960) and a short review of these previous results is necessary, because they constitute a basis for the present study. Fig. 1 shows how the vastus medialis (an extensor of the knee) reacts when noxious electrical skin stimuli of short duration (20 msec) are applied to different areas of the limb. In order to visualize, not only excitatory, but also inhibitory, responses, a slight voluntary background contraction was maintained in the muscle. It can be seen that stimuli applied to the leg or the back of the thigh caused an initial inhibition followed References P. 77-78
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 Fig. 1 Reflex responses in the vastus medialis (shadowed) to noxious skin stimuli within various regions of the limb (as indicated by radiating lines). Black bars under records show the duration of the stimuli. The lower middle record shows the control background activity in the muscle. Three to five sweeps are superimposed in each record. Time: 100 c/sec. (Hagbarth 1960 b).
 
 by a rebound, while stimuli on the ventral aspect of the thigh caused an initial reflex discharge followed by a silent period. Occasionally, the cyclic activity persisted for a longer time and involved several alternating periods of excitation and inhibition, but attention was paid only to the initial reflex effect, which indicated by its short latency (60-80 msec) that it was a primary spinal response to the signal. In the drawings of Fig. 2, the skin areas which yielded primary excitation are indicated by and those which yielded inhibition are indicated by -. The first three drawings show the distribution of the positive and negative skin areas for a hip-, kneeand ankle-extensor respectively and the last drawing shows how the flexor muscle, the tibialis anticus, an antagonist to the gastrocnemius-soleus, responds to the stimuli. It should be noted that the tibialis anticus responds in a reciprocal way to the gastrocnemius-soleus: it is activated from those skin areas which inhibit the extensor and vice versa.
 
 +
 
 Gluteus maximus
 
 Vastus medialis
 
 Gastrocsoleus
 
 Tibialls anticus
 
 Fig. 2 Diagrams showing the approximate extent of inhibitory and excitatory skin areas for the muscles investigated. (Hagbarth 1960 b).
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 These results in man agree fairly well with those obtaiiled in spinal cats (Hagbarth 1952) and they can be summarized by stating that extensor muscles are inhibited from most parts of the limb, but are activated by stimuli on the skin which covers the muscle itself, while antagonistic flexor muscles respond in a reciprocal manner. This rule does not hold in a strictly anatomical sense but it may serve as an approximation in attempts to analyze what the patterns mean in terms of function. It is probable that the main biological function of these ipsilateral nociceptive reflexes is to cause a rapid movement away from an offending object and a closer study of the drawings in Fig. 2 reveals that the patterns suit this purpose amazingly well. The flexion movements which regularly occur at joints proximal to the stimulus represent the classical flexion reflex, which has a definite avoidance capacity; the protective function of extension movements in joints distal to the stimulus becomes equally evident if it is assumed that the subject is, at the moment of the stimulus, standing on his limb with the joints in slight flexion. In this situation, extension of the hip causes withdrawal from a gluteal stimulus and in a similar way knee extension causes withdrawal from an offending object on the front of the thigh, while ankle extension removes the leg from a calf stimulus. Because the avoidance capacity of a motor pattern depends on the initial support and position of the limb, the question arises as to whether the withdrawal patterns are plastic enough to adapt themselves to different positions. It was noted that the spinal responses described were not easily readjusted in this way, so that, for certain positions, they seemed definitely inappropriate. On the other hand, the joint movements which were actually observed in response to the stimuli seemed to change their direction in an appropriate way according to the position of the limb, so that they always resulted in an effective escap: from the stimulus. This indicated that there is, in addition to the initial spinal component of the withdrawal reaction, another later component which has a more plastic motor pattern. The present study confirmed this supposition. The opportunity was taken to compare the spinal withdrawal reflexes with the later, probably cerebral, reactions and to see how they differ in respect to functional adaptability. The main project was to analyze to what extent the nociceptive reactions can be modified or reorganized by experience and training and to what extent they can be affected by hypnotically induced analgesia or hyperalgesia of the skin. TECHNIQUE
 
 Some of the experiments were performed on ourselves, others on medical students or adult patients who showed no obvious signs of organic neurological disease. Noxious electrical stimuli were applied somewhere on the skin of one of the lower limbs, the limb being held for each trial in a certain, predetermined position. The stimuli were obtained by letting an electrical current (square wave pulses at 500-1000/sec) pass through the sharp tips of a small bipolar needle electrode held in contact with the skin. A current of 5-10 mA was usually sufficient to cause an intense burning sensation of the skin and a withdrawal reaction of the extremity. Sometimes the stimuli had Rcferencrs p . 77-78
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 a fixed duration of 20-40 msec, but in some of the training experiments the stimulating current was continuous and it was the withdrawal movement itself which brought the stimulus to an end by removing the limb from the electrodes, or alternatively a countermovement was required to push a switch which turned off the stimulating current in the electrodes attached to the limb. For the sake of simplicity, responses were recorded only from one-joint muscles, such as the soleus or vastus medialis, and the skin stimuli were restricted to the calf or the front of the leg. Surface electrodes or bipolar needle electrodes were used for recording and after adequate amplification the muscle potentials were displayed on the beam of a cathode ray oscilloscope with a sweep triggered by the electrical skin stimulus. During the hypnosis, which was conducted by B.L.F., the subject was told that the limb was either analgetic, so that the electric stimuli could hardly be felt, or alternatively that the limb was hyperalgetic, so that each stimulus was extremely painful. The subjects used in these experiments had been hypnotized earlier and it was known that in this state they were able to develop subjective analgesia or hyperalgesia to pin prick. RESULTS
 
 Responses to noxious stimuli of short, fixed duration In these experiments, the avoidance reaction itself did not affect the duration of the stimulus which was fixed at 20-40 msec. The initial reflex responses to the stimuli were often followed by alternating periods of excitation and inhibition and it was often hard to distinguish any separate late component of the response which might be of cerebral origin. The study in these experiments was therefore restricted to the initial, spinal reflex effects. A constant finding was that the amplitude of the responses varied with the intensity of the voluntary background activity in the muscles. Reflex muscular discharges were facilitated by a moderate voluntary contraction of the muscle itself and inhibited by voluntary tonic activation of an antagonist. Such reflex changes due to variations in the excitability of the motor system were avoided in the present study. A constant voluntary background activity in the muscle was taken as a criterion that the excitability of the motoneurones did not vary during the experiment. One of the basic features of the spinal abdominal skin reflexes is that they easily become habituated to repeated stimuli (Hagbarth and Kugelberg 1958) and a response decline of this kind was also frequently found in the present study. Fig. 3, A , is derived from a subject who showed marked habituation of the extension reflexes appearing in the soleus in response to moderately intense calf stimuli. After 24 stimuli, applied at an interval of about 10 sec, the response had declined to a small fraction of its initial amplitude. At this stage, a single stimulus of higher intensity was applied without disrupting the continuity in the stimulus sequence. It caused a brisk reflex and, in addition, a dishabituation which was shown by the large responses to the succeeding, moderate stimuli.
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 Fig. 3 A : Habituation of reflex discharges in the soleus evoked by moderate skin stimuli on the calf, which
 
 were regularly repeated at 6/min. A single intense stimulus in the 25th trial causes dishabituation, as is shown by the large responses to the succeeding moderate stimuli (numbers corresponding to trials after the intense stimulus). B: The same reflex when the subject himself elicits the stimuli (upper record), and when this is done by another person (lower record). Four sweeps superimposed in each record. See Text. Time: 50 c/sec.
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 Fig. 4 A : Hypnotically induced changes in the responses of the soleus to moderate calf stimuli. The early reflex discharges were almost abolished during suggested analgesia and increased during suggested hyperalgesia, as compared to the controls during pre- and posthypnotic wakefulness. The lowest record shows latency of rapid voluntary contraction on signal (weak calf stimulus). B : Soleus reflexes to calf stimuli in an hysteric patient with leftsided decreased sensitivity to pin-pricking. Upper record: reflex in right (normal) limb. Lower record: stimulus of similar intensity causes no reflex in analgetic limb. Time: 50 c/sec. References p. 77-78
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 It was also noted that the amplitude of the reflexes depended on the subject’s state of attention and his apprehension of the stimuli. In the experiment illustrated by Fig. 3, B, the subject himself was allowed to push the button which elicited the stimuli (the resulting responses are superimposed on theupper record). In the next four trials the stimuli were elicited by another person, and the subject did not know exactly when to expect them, but he knew that the intensity might be increased (lower record). Even though the intensity remained constant, the responses in the second trial were much larger than those in the first and the constant background activity showed that this change was not correlated with any alteration in the motor tension. Fig. 4, A , is derived from a subject who was easily hypnotized and who rapidly developed subjective analgesia or hyperalgesia to hypnotic suggestion. The hypnosis and the suggestions were tried on many other subjects, who also reported subjective changes in perception of this kind during the experiments, but most of them showed no systematic changes in the amplitude of the spinal reflexes in correspondence to the perceptual change. Ln this particular subject, and in a few others, however, such a correlation was observed. The reflexes investigated were the initial discharges appearing in the soleus in response to moderate calf stimuli. Each record in Fig. 4, A , is composed of four superimposed sweeps and the records show that the responses were, in comparison with the control responses before and after the hypnosis, decreased during hypnotic analgesia and increased during hypnotic hyperalgesia. Again, there was no major change in motor tension to account for the results which, in this instance, were obtained with great regularity each time the experiment was repeated. In a final test, the intensity of the stimulus was decreased so that it was just perceptible and the subject was instructed that on the signal he should contract his calf muscles with the shortest possible delay. The latency of the discharge in this reaction time experiment was about 200 msec as compared with the short latency of the spinal reflex, which was about 70 msec. In other subjects, the voluntary reaction time was shorter, but it was never seen to fall below 120 msec. A 61-year old woman, a patient from the neurological clinic, was the subject in one experiment. She reported decreased sensibility to skin stimuli of all modalities on the left side of her body, a disorder which was interpreted to be of a functional nature. The upper record in Fig. 4, B, shows her soleus response to a calf stimulus in the right limb, where she reported normal sensibility and the lower record shows that no response appeared in her left soleus when a skin stimulus of similar intensity was applied to the calf of this anaesthetic limb. On this side, a marked increase of the stimulus strength was required in order to get a reflex comparable to that in her right leg.
 
 Responses to noxious stimuli with a duration determined by the defence reaction itself It has been mentioned in the introduction that the spinal nociceptive reflexes do not easily change their patterns according to the initial position of the limb and that therefore they do not always serve as appropriate withdrawal responses. The drawing in Fig. 5 shows a position of the limb in which a stimulus on the calf must cause it contraction of the knee extensors in order to induce a leg movement away from the stimulus. The initial reflex effect of a brief calf stimulus is, however, an inhibition of
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 Control
 
 Fig. 5 In the limb position indicated, a short calf stimulus of fixed duration (30 msec) causes early reflex inhibition in the vastus medialis (upper record). A long stimulus, the duration of which is determined by the withdrawal movement, causes early inhibition, succeeded by heavy discharge (middle record). During hypnotic analgesia, the early inhibition remains, while the late discharge is abolished. Time: 50 clsec.
 
 the activity in the vastus medialis, which apparently tends to cause a knee-flexion and a leg movement towards the stimulus (upper record). This early effect of the calf stimulus was also the same in those experiments in which the stimulating current was continuous and the subject could avoid it only by removing the leg from the electrodes (which initially were in contact with the skin, but not attached to it). When such a stimulus occurred, however, no flexion at the knee joint could be observed, but instead the subject rapidly removed this leg from the electrodes by an extension of the knee (as well as flexion of the hip), and the only electromyographic sign of this extension was a late, heavy discharge in the vastus medialis, which succeeded the early inhibition and had a latency of about 120 msec (middle record). Rec. n.
 
 NVVVVVVVV\h
 
 Fig. 6 Responses by the vastus medialis to noxious skin stimuli on the calf and the front of the leg. Duration of stimuli (outlasting the sweep) determined by the withdrawal movements. Positional changes cause adaptive sign reversal of the late responses, while early inhibition remains. Time: 50 cisec. Keferences o 77-78
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 This late discharge could not be regarded as being a rebound, because its amplitude showed no correlation with the intensity of the preceding inhibition. The records of Fig. 5 were derived from a subject who easily developed subjective analgesia to hypnotic suggestion. During his analgetic state the late discharge in the vastus medialis had disappeared and he showed little tendency to remove his leg from the stimulus. The early inhibition in the vastus medialis remained, however, apparently uninfluenced by the suggestion (lower record). This may serve to exemplify the observation that, as a rule, the initial spinal reflex effect was more resistant to hypnotic suggestion than the late component of the avoidance reaction was. The latter showed amplitude variations which run more in parallel with the changes in the subjective estimation of the stimulus intensity. Fig. 6 shows how skin stimuli both on the calf and on the front of the leg evoke an early inhibition in the vastus medialis (cf. Fig. 2) and that this early effect (which has a duration of at least 20 msec) is largely independent of the initial position of the limb. This early tendency to flex the knee can apparently serve as a withdrawal response to stimuli on the front of the leg in the sitting position (upper left record), or to stimuli on the calf in the standing position (lower right record), but in the other two situations (illustrated by the upper right and lower left record) an initial discharge in the vastus medialis (extension of the knee) would better serve a withdrawal function. In contrast to the initial spinal effect, the late response (which has a latency of about 120 msec and a duration of 70-90 msec) changes its sign in the appropriate way according to the position of the limb: the late inhibition, which adds to the early inhibition in the upper left and lower right records, is reversed to a discharge in the upper right and lower left records, where it seems to compensate for the maladjusted initial response. Repeated application of stimuli to the calf in the sitting position did not result in a reversal of the initial effect. The early inhibition persisted, even thoughit occasionally showed a tendency to become habituated. The training experiment shown in Fig. 7 gives another example of how the late avoidance reaction adapts itself to a new situation more easily than the spinal withdrawal response does. In this experiment the stimulating electrodes were firmly attached to the front of the leg in the sitting position and the recording electrodes were inserted into the vastus medialis. The stimulating current was continuous but could be turned off by a switch held in front of the tibia, so that the subject, in order to end the stimulus, had to extend his knee or, in other words, make the opposite movement to a withdrawal. The stimuli were quite strong and sufficiently unpleasant to make the subject anxious to turn them off as soon as possible. They were repeated at jntervals of about 15 sec. The response to the first stimulus had about the same shape as the upper left record in Fig. 6: there was the characteristic early inhibition, succeeded by a second inhibitory phase which indicated flexion of the knee. However, a very late discharge seemed to appear at the end of the record. For each of the succeeding stimuli, the delay of this late discharge became gradually shorter. The discharge impinged upon the second inhibitory phase until, in the fourth trial, a substitution was completed. Now, the response had the same shape as the upper right
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 Fig. 7 Responses by the vastus medialis to noxious skin stimuli on the front of the leg, which can be interrupted, as the drawing shows, by knee extension. After four trials the sign of the late response is reversed to fit the new situation, while the early inhibition remains after more than 250 trials, although it becomes less distinct. Time: 50 c/sec.
 
 record in Fig. 6 and showed the normal avoidance response to a calfstimulus in the sitting position. This experiment was continued in serial sessions during the course of a month, during which time more than 500 stimuli were applied. This was done in order to find out whether the initial inhibition could also be converted by intense training into discharge. This did not, however, occur. The latency of the late discharge never became shorter than 110 msec. The early inhibition became progressively less distinct and in some of the late trials it was hardly visible; but the effect was not reversed (lowest record). Similar results were obtained in training experiments in which dorsiflexion of the ankle was required to break electrical stimuli on the calf. In this instance, the initial discharge in the ankle extensors remained; it showed a response decline, but it was not substituted by inhibition. DISCUSSION
 
 The results show that the defence reactions to nociceptive skin stimuli in the human lower limbs involve two kinds of responses, which differ both in respect to latency and to functional adaptability. The latency of the early response is short enough to indicate a spinal reflex arc (cf. Kugelberg et al. 1960; Hagbarth 1960 b), while the latency of the late response equals that of a rapid voluntary reaction. It seems, however, inappropriate and rather meaningless to say that it is a voluntary reaction : the responses were automatic in the sense that the subjects themselves were unable to suppress them, especially when the stimuli were strong. It is probably more fruitful to regard them as conditioned, nociceptive cerebral reactions with an adaptive motor References p . 77-78
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 pattern, which has developed largely through experience: an inappropriate or “faulty” defence reaction to a noxious stimulus will automatically receive “punishment” i n that the stimulus tends to remain, while a correct reaction is rewarded by a more rapid end to the stimulus. The results here recorded agree with the presumption that the motor patterns of the late responses are organized on such a functional basis. They appeared especially in those experimental situations in which the duration of the stimulus was determined by the response and in which their patterns changed according to the position of the limb, so that the final result of the motor act was always an interruption ofthe stimulus. Usually this motor act implied a movement which removed the leg from the electrodes (flexion or extension, depending on the initial position); but, if a counter-movement towards the electrodes was required to end the stimulus, the sign of the late response was reversed after a few trials to fit the new situation. Consequently, it is not a simple withdrawal reflex in the true sense of the word, but a highly organized defetice reaction with a sensory-motor pattern determined largely by returning sensory information concerning its avoidance capacity (cf: Anokhin 1961). If it is true that these nociceptive defence reactions are learned, it must be expected that they are absent in infants without experience of noxious stimuli. This is supported by the experiments of Melzack and Scott (1957), which showed that dogs reared in isolation with restricted sensory experience are unable to perform proper defence reactions to nose-burning and pin-pricking. The latency of the late response does not allow any conclusions as to whether it is mediated at a cortical or subcortical level, but the marked postural dominance indicates that its central arc has intimate functional correlations with midbrain and cerebellar structures (see Dow and Moruzzi 1958). Pavlov (1927) showed that, when he consistently presented food to a dog after each electric shock to a paw, the original (“unconditioned”) withdrawal responses were almost completely suppressed and substituted by conditioned salivary responses. It now seems that the original withdrawal responses in such experiments are rather complex motor acts, which may involve both a spinal reflex and a conditioned cerebral response, between which it is hard to distinguish without the aid of the electroniyographic technique. Classical conditioned avoidance responses to non-noxious stimuli represent an additional kind of defence reaction. Such conditioned withdrawal occasionally appeared in the present experiments, sometimes in response to an accidental noise which preceded the electric stimulus. These responses differ from the nociceptive reactions in that they do not serve to interrupt, but rather to prevent, noxious stimuli and it seems likely that in this case also the learning is largely based on instrumental conditioning in the sense that the pattern of the conditioned response is refined with the aid of returning sensory information concerning its defensive capacity (notwithstanding that conditioning may occur also without the aid of feed-back from the response; see Beck and Doty 1957; Knapp et al. 1958). We may infer that in an adult human being with great experience of those events which usually precede and succeed a noxious stimulus, there are a t least three kinds
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 of reflexes, which serve to protect him from an offending object which approaches and hits the skin : 1. a conditioned avoidance response (e.g., to a visual stimulus), 2. a nociceptive spinal withdrawal reflex, and 3. a nociceptive cerebral defence reaction. Now the question is: do the signals mediated by the spinal cord impinge upon the motor neurones according to an inborn fixed pattern, and independently of that experience and all those sensory cues which determine the patterns of the cerebral responses? If this is so, it seems inevitable that the spinal and the cerebral reflexes will be often in conflict and will counteract each other. The experiment illustrated in Fig. 6 indicates that such conflicts may occur because the spinal response is not adapted to the position of the limb in a way similar to the cerebral reaction. A conflict also occurred in those training experiments in which the cerebral reaction showed, in contrast to the spinal response, an adaptive sign reversal (Fig. 7). These results merely show, however, that in adults the spinal reflex patterns are less adaptable than the cerebral patterns are. Further experiments are needed to find out whether adaptive spinal reversals may possibly occur during infancy. It is certainly plausible to assume that the spinal patterns are innate, but it is hard to explain their remarkable functional precision in evoking withdrawal movements orientated to the stimulus, without assuming that in some way they are established by the aid of experience, which is either an experience acquired by the individual or is common to all members of the race ( r j Gerard 1961). The fact that the spinal limb reflexes did not show adaptive sign reversal does not imply that spinal transmission occurred in a non-adaptive way, independently of training and experience. On the contrary, the intensity of the reflexes showed funciional adaptability of a kind similar to that described earlier in the study of the abdominal skin reflexes (Hagbarth and Kugelberg 1958). Their habituation, their dependence on the subject’s state of attention and their occasional susceptibility to hypnotic suggestion, indicate a cerebral control of internuncial transmission in the spinal cord. There is anatomical, physiological and clinical evidence for such a supraspinal control of the interneurones in the cord, a control which checks transmission, not only in the spinal polysynaptic reflex arcs, but also in the spinal ascending pathways (see Hernindez-Pe6n 1959; Livingston 1958; Hagbarth 1960 a). It is conceivable that the centrifugal system primarily serves to establish a cerebral control of internuncial reflex transmission and, as Holmqvist et al. (1960) have suggested, the changes reflected in ascending paths may possibly convey feed-back information concerning this control. Functional readjustments which primarily occur at high levels of the neuraxis may be secondarily reflected by such centrifugal systems in subcortical reflex centres, so that harmonious co-operation between functionally allied reflex paths in widely separate levels of the neuraxis is allowed. It is well-known that removal of the control of the higher centres often gives rise to a released activity in the lower centres or, as Denny-Brown (1960) pointed out, “removal of one of the competing factors in the control of movement at a n y level results in overaction of the others” (cj: Konorski 1960). Denny-Brown and Chambers (1958) showed that parietal lobe lesions may enhance tactile and nociceptive avoidance reactions which were delicately orientated to the skin stimuli, while frontal lesions References D . 77-78
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 caused a release of grasp reflexes and an abolition of avoidance. Kugelberg et al. (1960) emphasized that the pathological flexion reflex, including the Babinski response, is due to an imbalance between those flexion and extension reflexes which constitute the normal spinal withdrawal pattern. They concluded that the reversal of the normal plantar response is the result of a change in the normal cerebral governing of the spinal reflex patterns. In the present experiments we did not succeed in reversing the sign of spinal reflexes by physiological means, but in this connection it is of interest to note some reports which indicate that adult subjects, during hypnotic age regression to an infantile level, may exhibit Babinski reflexes (Gidro-Frank and Bowersbuch 1948; Mc Cranie et al. 1955). We have not tried to confirm these results, but we often noticed that the normal plantar response to stroking of the sole was abolished during hypnotically induced analgesia of the foot. Hernindez-Pe6n et al. (1960) recently showed that a forearm skin reflex in man can be modified during hypnotically induced anesthesia and hyperesthesia. They presumed that the reflex was spinal, but did not specify its latency. The results recorded above confirm that spinal skin reflexes are occasionally modified by hypnotic suggestions, but that they are not modified to the same extent as the late avoidance reactions are. It must also be emphasized that variations in muscle tone are apt to occur during the experiments, and such changes must be recognized and avoided in order to exclude reflex variations which merely depend on excitability changes in the motoneurone pool. The neurophysiological mechanisms underlying hypnotic phenomena are largely unknown, but it must be presumed that the perceptual changes which occur in response to hypnotic suggestions are associated with some readjustments in cerebral neural activity, and that the cerebral avoidance reactions, as well as the spinal withdrawal reflexes, can apparently be tuned to accord with the cerebral perceptual change. The dual nature of the withdrawal reactions may possibly explain some of the apparently contradictory results obtained in experiments in which nerve crossing and muscle transplantation is done in order to study central reorganization (see Sperry 1958). The results of the experiments here described suggest that the late component of the nociceptive withdrawal response is readjusted to fit the new situation and that there is in adults no reversal of the initial spinal reflex effects. SUMMARY
 
 Ipsilateral defence reflexes to noxious electric skin stimuli in the human lower limbs were studied by the electromyographic recording technique and it was found that two types of responses are involved which differ both in respect to latency and functional adaptability . The early responses had a latency short enough to indicate spinal reflex arcs (60-80 msec) and their patterns seemed well adapted to induce withdrawal from stimuli applied at various sites of a limb which was supporting the body weight (flexion in all joints proximal to the stimulus - flexion reflex - and extension in the joint just distal to the stimulus, provided that it was applied on the extensor side).
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 These patterns were rigid in the sense that they were largely independent of the initial support and position of the limb; and the reflexes also appeared when they did not serve any protective withdrawal function (k.,in response to stimuli of short fixed duration). The intensity of the reflexes varied, however, with the attentive or apprehensive state of the subject; they often showed response decline during monotonous stimulation (habituation) and they were occasionally reduced by hypnotically induced analgesia and increased by hypnotic hyperalgesia. The late responses, which had a latency of about 120 msec, appeared predominantly in those experimental situations in which they served a protective function (i.e., in response to stimuli with a duration determined by the response). Their motor patterns were not fixed, but varied with the initial position of the limb, so that the result of the motor act was always an interruption of the stimulus. Usually this motor act implied a movement which removed the limb from the stimulating electrodes, but, in experiments in which a counter-movement towards the electrodes was required to end the stimulus, the sign of the late response was (in contrast to the early response) reversed after a few trials to fit the new situation. The amplitude of the late responses was easily influenced by hypnotically induced analgesia or by hyperalgesia. It is concluded that the late components of the ipsilateral withdrawal responses represent highly organized, conditioned, defence reflexes which are probably of cerebral origin, while the early components represent spinal reflexes mediated by interneurones which are under cerebral control.
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 DISCUSSION F. BREMER:
 
 The experiments with hypnotic suggestion carried out by our colleague Hagbarth remind me of previous observations made by Titeca on subjects showing hysterical hemianaesthesia and his unpublished observations on volunteers (nurses) in whom unilateral amaurosis or even homonymous hemianopsia was caused by hypnotic suggestion. In all these cases, the stimulus applied to the cutaneous or retinal region which was “anaesthetized”, never caused an EEG arrest reaction, although the same cutaneous or light stimulus was very effective when applied to “normal” regions. The determinism of these phenomena is a challenge to the neurophysiologist! TITECA, J. Unpublished observations. M. A. B. BRAZIER:
 
 Following Professor Brenier’s remarks on the effect of hypnosis on the electrical activity of the brain, may 1 add some observations we have made. Using averaging techniques to emphasize the wave form of the train of oscillations that follow the primary response to flash in man, we have noted
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 that it is these late oscillations that are disturbed when hypnotic blindness is induced, and not the primary response. In other words, it is those electrical signs usually associated with the “nonspecific” system (rather than the specific ones) which are involved in the neurophysiological mechanisms brought into play by hypnosis. W. GREYWALTER:
 
 I can corroborate Dr. Brazier’s observations on the comparative susceptibility of the various components of the evoked responses in man to modification by suggestion, attention, hypnosis and so forth. Both intra-cerebral and extra-cerebral recordings have shown the true primary response to random flashes, for example, to be invariant with changes in mental state; on the other hand the late and often protracted after-rhythms, together with the non-specific (anterior) responses, are very easily modified by changes in attention, by hypnosis and by hysterical conditions. However, to demonstrate this differentiation between primary and secondary effects, some sort of averaging technique is essential to provide statistically valid information. May I ask Dr. Hagbarth whether he thinks the primary inhibitions which he demonstrated are specific to cutaneous nociceptive stimuli, or are general responses to any rather startling stimulus, as a preliminary cancelling instruction preparatory to a new set?
 
 In addition to Dr. Walter’s remarks I would like to say that Hoffmann and his co-workers found widespread primary inhibition in antagonistic muscles of the arm when they first described this kind of protective exteroceptive reflex in 1947/1948. Has Dr. Hagbarth also found this in the upper extremity, which, in contrast to the leg, has no supportive function in the human?
 
 P., SCHENCK, E. und TONNIES,J. F. uber den Beugereflex des normalen Menschen. HOFFMANN, Pjiigers Arch. ges. Physiol., 1948, 250: 724-732. D. ALEE-FESSARD: I should like to ask Dr. Hagbarth whether it does not seem possible to him that the effects of suppression he observed on the nociceptive reflex in the course of various behavioral patterns, could be interpreted on the basis of a descending inhibitory action on the spinal relays of nociceptive afferents. This effect resembles that which we have observed a t the intralaminar thalamic level for afferents of the protopathic type (centre median). In this case, to explain both Dr. Hagbarth’s results and ours, it should be accepted that truly inhibitory actions occur at the first spinal relay - a hypothesis already suggested by R. Hernandez-Peon. H. W. MAGOUN: In support of Hagbarth’s generalisation that significant learning can occur at segmental levels in the cord, reference should be made to the recent work of Jennifer Buchwald and Eldred in Los Angeles who have shown that the gamma-efferent discharge to nociceptive stimulation can easily be conditioned to sound stimuli. This conditioning occurs after a very few trials and with stimulus intensities below those evoking alpha-motor neuron discharge. This learned behaviour of gamma motor neurons, which Buchwald and Eldred are analysing with single fibre recording, can be shown to display all the features of classical Pavlovian conditioning - generalisation, differentiation, extinction, etc. Their work will be published shortly; 1 merely wish to insert a reference to it at this point. BUCHWALD,JENNIFER S. and ELDRED,E. Conditioned responses in the gamma efferent system. J . nerv. ment. Dis., 1961, 132 (2): 146-152. BUCHWALD, JENNIFER S., BEATTY,D. and ELDRED,E. Conditioned responses of gamma and alpha motoneurons in the cat trained to conditioned avoidance. Exp. Neurol., 1961, 4 : 91-105.
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 BUCHWALD, JENNIFERS. and ELDRED,E. Relations between gamma efferent discharge and cortical activity. Electroenceph. clin. Neurophysiol., 1961, 13: 243-247.
 
 K.-E. HAGBARTH’s replies To F. Bremer Yes, it certainly seems as if hypnotically induced analgesia or anaesthesia may be accompanied by functional readjustments not only in spinal and supraspinal reflex centres but also in ascending sensory systems mediating cortical arousal responses. Both the suppression of the reflexes and the blocking of the cortical arousal response can possibly be explained by assuming a centrifugal inhibitory influence acting on the primary sensory relays in the cord, But there is no valid reason to suppose that these primary sensory relays are more susceptible to centrifugal control than other succeeding relays in the reflex arcs or in the afferent paths mediating the cortical arousal response. We saw in our experiments how the conditioned avoidance responses of long latency were more easily suppressed by hypnotic suggestion than the initial spinal withdrawal reflexes and I suppose that the number of synapses involved in the mediation of a response may be an important determining factor in its degree of plasticity. To M . A . B. Brazier and W . Grey Walter Dr. Brazier and Dr. Walter both emphasize that, contrary to the non-specific secondary responses, the primary evoked potentials in the cortex cannot be modified by hypnotic suggestion and changes in attention. Other workers who have not used your averaging technique, however, describe effects on the primary evoked potentials as well and I am just wondering which technique is the most reliable in this case. I suppose we agree that a centrifugal influence on ascending spinal paths need not necessarily be reflected, at the cortical level, as a change in amplitude of the primary specific responses. Even if we suppose that the spinal sensory units involved project to the specific rather than the non-specific systems, it cannot be excluded that changes may occur in a specific sensory message which cannot be detected by measuring the amplitude of the primary evoked potential in the cortex. Single unit recordings from sensory relays a t various levels of the ascending paths can probably give us a great deal of additional information about the control of the sensory systems. No, Dr. Walter, the early inhibitions I showed are not generalised, non-specific responses of a preparatory type. We never saw any generalised early inhibitory responses affecting the muscles of the limb in a non-reciprocal way. Some of the slides showed how a noxious stimulus to the foot or the limb caused an early inhibition of the knee-extensor vastus medialis. This inhibition, which has a latency short enough to indicate a spinal reflex arc, is usually accompanied by a simultaneous discharge in the knee-flexors and 1 think it is safe to conclude that these responses represent the classical flexion reflex. If the noxious stimulus is applied, not to the leg but to the ventral aspect of the thigh, it usually brings about the opposite effect: an early discharge in vastus medialis accompanied by an inhibition in the knee-flexors. So, far from being non-specific and generalised, these reflexes are organised and orientated according to a very specific pattern. And this pattern, illustrated in Fig. 2, is such that the reflexes seem well adapted to serve as protective withdrawal responses in a limb supporting the body weight. I was glad you asked the question however, because 1 think it is important to realise that not only specific withdrawal movements but also postural readjustments and non-specific startle reactions may occur in response to noxious skin stimuli. Responses of that kind as well as second order reflexes induced by the initial response are likely to occur in our experiments. Possibly responses of these various types contribute to the rebounds and oscillations which so frequently succeed the primary reflexes. To R. Jung We have not as yet recorded any exteroceptive reflexes in the upper extremities but in the lower extremities we regularly find reciprocal responses in antagonistic one-joint muscles such as soleus and tibialis anticus. The problem as to whether the innervation is reciprocal or not gets much more complex if recordings are made from two-joint muscles or muscles engaged not only in flexion and extension but also in ab- or adduction, rotation etc. Many of these muscles can act as synergists in one movement but as antagonists in another and simultaneous discharges appearing in muscles on opposite sides of an extremity do not necessarily mean that antagonists respond in a non-reciprocal manner.
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 To D . Albe-Fessard I believe that the suppression of the spinal withdrawal reflexes is due to a descending inhibitory influence on those spinal interneurons which mediate the reflexes. It is not possible to tell whether in these experiments there is also a simultaneous suppression of ascending signals in the cord but this possibility cannot be excluded and it would certainly be interesting to know whether the suppression of the nociceptive afferent responses which you observe at the thalamic level is due to a reduction of the ascending volley at a much lower level of the neuraxis. It is true that in the present reflex study we regularly used nociceptive skin stimuli but we have no evidence which suggests that only nociceptive relays are susceptible to control. In the study of the abdominal skin reflexes, which as a rule have a lower threshold than the limb reflexes, we sometimes used stimuli which were so weak that they could hardly be classified as nociceptive, and spinal reflexes to such non-noxious stimuli also showed adaptability of the kind described.
 
 To H. W. Magoun Thank you, Dr. Magoun, for mentioning these interesting observations. I look forward to reading the paper when it is published.
 
 Reticular Homeostasis and Critical Reactivity* P. DELL Laboratoire de Neurophysiologie, H6pital Henri-Rousselle, Paris (France)
 
 It is the aim of this paper to attempt to link together three sets of data obtained during the past few years in the field of reticular physiology. These data have shown : first, that the brain stem reticular activating system is controlled by a whole series of mechanisms which adjust continuously and precisely its level of activity; secondly, that this system is responsible not only for multiple facilitatory, but also for inhibitory effects ; and thirdly, that the various groups of interneurons and motoneurons affected by reticular activity display a differential sensitivity to reticular discharges. Ln the course of the description of the data obtained it will become apparent that the adjustment of reticular activity to a given level by way of homeostatic controls is the essential integrative mechanism by which the diverse “final common paths” on the motor side are selectively placed at the disposal of one of the various afferent systems or cortico-spinal projections capable of activating them. In the waking animal a whole pattern of reciprocal associations of non-specific systems and sensorimotor mechanisms of highly specific function determines the fine adjustments of activity and the differentiation of motor responses - in brief, the critical (adaptive) reactivity. Nearly half a century ago Henry Head coined the concept of vigilance, which was meant to indicate at one and the same time a level of activity and the quality of the possible responses. The views presented here, which are based on a much more accurate experimental analysis than was possible in Head’s time, illustrate his farsighted idea. A. RETICULAR HOMEOSTASIS
 
 As a point of departure for this study of reticular homeostasis we have grouped together in Figs. I , 2 and 3 a series of observations on the evolution of various somatic and autonomic activities under the effects of prolonged rnesencephalic reticular stimulation. In all cases the initial variable period of intensification or inhibition of test responses is followed by an attenuation or disappearance of the effects of stimulation, even though reticular stimulation is constantly continued. In Fig. I the cortical arousal activity diminishes after the 5th second of reticular -.
 
 *
 
 The research reported in this document has been sponsored in part by The Air Force Office of Scientific Research OAR through the European Office, Aerospace Research, United States Air Force, under contract No. A F 61 (052)-229.
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 stimulation. The upper tracing of Fig. 2 shows the rapid attenuation of the monosynaptic reflex of the masseter muscle. In the center is a recording of the motoneuron discharge of the digastric muscle, produced by direct intracerebral electrical stimulation of the masticator nucleus. This discharge is likewise facilitated by reticular stimulation and decreases progressively in amplitude. The polysynaptic jaw opening
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 Fig. 1 Comparison of the effects on the electrocorticograni of prolonged stimulation of the mesencephalic reticular formation and median nerve, before and after the injection of novocaine into the medial part of the bulb (Bonvallet and Bloch, in preparation).
 
 reflex (bottom of Fig. 2), a test response which is inhibited by stimulation of the so-called “facilitatory” reticular formation, is also gradually attenuated. The same example is shown again at the top of Fig. 3 (R.O.), together with (second line Phr.) a recording of electrically integrated phrenic nerve activity: reticular stimulation increases the amplitude of respiratory discharges but, here again, the facilitatory effect is rapidly diminished. All of these observations were made on “enciphale isole” preparations (section at C1-C2 or section at C3 for phrenic nerve recording). Two other examples, taken from intact animals, are shown in Fig. 3: on the left is an illustration of the changes in cortical frequency (F. cortex), arterial pressure (P.A.) and the monosynaptic masseter reflex (R.M.) during reticular stimulation. After an initial intensification, each of these activities diminishes during reticuiar stimulation with its own characteristic time constant. The bottom of Fig. 3 shows the electrodermogram of the plantar foot Rrferencei P. 102-103
 
 84
 
 P. DELL
 
 2 v
 
 Fig. 2 Progressive reduction of the effects of mesencephalic reticular stimulation on the monosynaptic masseter reflex (top), on the direct response of digastric motoneurons (center), on the polysynaptic reflex (bottom) (Hugelin and Bonvallet 1957a; Hugelin and Dumont 1961). RO
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 Fig. 3 Progressive reduction of the effects of mesencephalic reticular stimulation. Lefr, lop to bottom, analysis of cortical frequencies, arterial pressure, amplitude of the monosynaptic masseter reflex (Bonvallet 1962). Upper right, top r5 bottom, jaw opening reflex, integrated discharge of the phrenic nerve, electrocorticogram (Cohen ei ul., in preparation). Lower righr, superimposed recordings of the corticograrn and the psychogalvanic responses to two successive stimulations of the mesencephalic reticular formation (Bonvallet and Bloch, in preparation).
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 pad of a cat superimposed on a corticogram: a first brief reticular stimulus (first arrow) produces a marked psychogalvanic response, a second stimulus (second arrow), identical to the first but given a few seconds later, has only a very attenuated effect. Reticular stimulation in non-anesthetized preparations always produces the same effects whether the responses studied are somatic or autonomic. To sum up, in non-anesthetized preparations, repetitive reticular stimulation of constant voltage has always the same effects on somatic activity (monosynaptic and polysynaptic reflexes, direct response of a group of motoneurons, corticographic activity) as well as upon autonomic activity (respiration, arterial pressure, electroderma1 or so-called psychogalvanic responses). After an initial phase of marked facilitation (or inhibition) there follows a second phase during which the response returns more or less rapidly to its original level or stabilizes at a somewhat higher level. The development and time course of this second “recuperation” or “recovery” phase varies with the test used. This depends on two factors. One is the intrinsic organization of the effector system (compare a monosynaptic reflex with the arterial pressure which depends on a slowly reacting sympathetic effector and on humoral factors). The other is the synaptic organization of reticular projections on the different types of effector systems (see below, section 11). Two types of hypotheses can be advanced as explanations of such observations : (a) It is conceivable that the diminution and even the suppression of reticular effects are the result of “fatigue”, “adaptation”, or an “escaping” at one or several points of the complex neuronal circuits which have been activated. In short, the attenuation of the reticular effects may be viewed as a purely passive phenomenon. (b) It is also possible that there are structures and mechanisms which can exert an influence on reticular activity and it becomes then conceivable that the observed effects are a result of active intervention of intra- or extra-reticular control systems. If that is so, then one must localize these structures, study their activation and analyze the dynamic properties of these control circuits. With this aim in mind, we will successively examine the intervention and role of bulbar, cortical, and extra-cerebral mechanisms ; finally the effects of these homeostatic regulatory mechanisms upon the properties of the reticular systems will be emphasized.
 
 I. The role of the medulla in reticular homeostasis The observations reported and discussed in this section deal with bulbar structures which have “inhibitory” effects, some of which have already been studied and analyzed by different authors. The bulbar origin of parasympathetic tonus and its antagonism to sympathetic effects on the circulatory system are well known; Magoun and Rhines (1946) showed that inhibition of somatic motor activity is produced by bulbar stimulation; Moruzzi et al. (cf. Moruzzi 1960) demonstrated an ascending tonic action of bulbar origin which opposes the ascending reticular activating effects. Finally, the depressor effects on the EEG and motor activity which arise from vagal References p. 102-103
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 and baroceptor afferents which have a bulbar reflex center, suggest that the bulbar inhibitory structures might be activated reflexly (Bonvallet et al. 1954; Dell et al. 1954). The interest of the data here reported, which is based on various papers published by Bonvallet and Bloch, lies i n the fact that this bulbar mechanism is activated phasically either by somesthetic afferents or by the mesencephalic reticular formation. Hence, close functional interrelationship between these bulbar inhibitory mechanisms and the activating system have been demonstrated. The effects of these bulbar structures on autonomic responses (arterial pressure, psychogalvanic reflex) and on the corticogram have been studied under identical experimental conditions in these investigations. This makes possible the combination of phenomena which, up till now, have been considered in physiology under widely different headings. 1. When arterial pressure is used as the test in a diencephalic non-anesthetized preparation, repetitive stimulation of a nerve from the paw, which activated nociceptive afferents, will produce an increase in arterial pressure which is maintained at that level for the duration of the stimulation. If the stimulation is gradually increased for one minute to the voltage which was applied suddenly in the previous test, then arterial pressure increases gradually with the stimulation till it reaches the same value at the end as it did during the preceding test. On the other hand, in a pre-bulbar preparation the same stimulations result either in a slight, but rapidly suppressed, increase, or in an immediate reduction, or in an absence of any pressor effect. It must be concluded that the somesthetic afferents activate bulbar structures which can counteract centrally or peripherally the effects of sympathetic discharge (Bonvallet 1962). 2. The evidence is even clearer if one uses as one’s test the electrodermal response. In a diencephalic preparation brief nociceptive stimulation of an afferent nerve causes the classical electrodermal response (psychogalvanic reflex). If now this stimulation is repeated several secondsafter the first one, one obtains a new response which is as large as the first one. The results are completely different in the pre-bulbar animal. The second stimulation produces only a minimal response if it comes 10 sec after the first one. To be fully effective and to produce a response equal in amplitude to the first one, the second stimulus must be applied at least 40 sec later. After an injection of novocaine into the medial part of the bulb two consecutive afferent stimuli will each produce a psychogalvanic response of the same amplitude. These results are shown in the form of graphs in Fig. 4. Consequently, an afferent nociceptive stimulus activates, on the one hand, mesencephalo-hypothalamic sympathetic structures and lateral bulbar structures which produce a sympathetic discharge that can be repeated with the same intensity at short intervals (5 sec for example); and, on the other hand, such a stimulus also activates bulbar structures which suppress or attenuate these discharges and lead to a considerable refractoriness of the system. Similar observations have been made when the electrodermal response was produced by short repetitive stimulation, instead of afferent stimulation, of the mesencephalic or the lateral bulbar part of the reticular formation. In the diencephalic preparation the first stimulus causes a response without any refractory phenomena,
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 but in the pre-bulbar preparation a response of the same amplitude can be obtained only if the second stimulus is given 40 sec after the first. In this instance it appears difficult not to conceive of a dual effect of the stimulus: it causes a sympathetic response and it activates structures which can inhibit these sympathetic discharges for about 40 sec. The absence of this inhibition after restricted administration of novocaine into the posterior medial part of the medulla suggests that the central mechanism responsible for the inhibition is situated at that level (Bloch and Bonvallet 1960 a, b).
 
 ....
 
 O1
 
 10
 
 20
 
 30
 
 l n t e r v a l l e e n t r e les 2 S t i m u l i
 
 a0 sec
 
 .,
 
 Fig. 4 Recovery curves of the psychogalvanic response to stimulation of an afferent nerve, indicating the inhibitory effect of bulbar structures activated by the first stimulation (Bonvallet and Bloch in preparation). 0, A, without cortex or narcosis; 0, B, without cortex and chloralose; C , without cortex and chloralose, but with novocaine injected into the bulb; A,D, prebulbar without narcosis.
 
 3. In parallel with these descending medullary effects one can also observe ascending effects which are particularly clear at the level of the cerebral cortex. They are activated by the same afferent influx and under the same experimental conditions. Indeed, their existence was suggested by a chance observation during an experiment in which the electrodermogram and electrocorticogram were simultaneously recorded. Brief, repetitive afferent or reticular stimulation caused a psychogalvanic response and short-lasting cortical arousal; the same stimulus applied about ten seconds later caused only very attenuated cortical and electrodermal responses. After a novocaine injection into the medial part of the bulb, however, the second cortical arousal X d r r e n c e r I'
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 reaction and the psychogalvanic response were identical and even greater than the initial one. This parallelism suggested that activation of the same bulbar structures is responsible for the attenuation of the autonomic and cortical responses. A variety of experiments have confirmed this hypothesis and have demonstrated that any arousing stimulus (reticular stimulation or afferent stimulation) activates, not only the ascending reticular activating system, but also bulbar structures which can attenuate or suppress the reticular arousal effects at the cortical level. Different reasons, given below, indicate that this result is a consequence of reciprocal effects between the bulbar and mesencephalic reticular structures, and that it is legitimate to postulate a functional mesencephalo-bulbo-mesencephalicintra-reticular circuit. The demonstration of the phasic activation of the inhibitory bulbar structures (Fig. 1) is clearest in an “enckphale isolC” preparation treated with a small dose of nembutal (section of the spinal cord at D2 to provide an afferent inflow from the forelimb; 5-8 mg nembutal). Prolonged repetitive stimulation of the median nerve or mesencephalic reticular formation then produces generalized cortical arousal which is gradually attenuated in all the cortical regions to the extent that stimulation is prolonged. On the other hand, after a median section of the cerebral trunk at the bulbo-pontine junction, or after novocaine injection in the posterior median part of the bulb, the same stimulation leads to an arousal which persists at the same intensity for the entire length of the stimulation. Such an arousal effect can be maintained without any attenuation for more than 4 min (Bonvallet and Bloch 1960, 1961; Bloch and Bonvallet 1961). We shall briefly discuss these results and attempt to determine their functional significance. It has been shown that the bulbar inhibitory actions are exerted on sympathetic responses (arterial pressure, the so-called psychogalvanic reflex), on spinal somatic motor activity and on the electrical activity of the cerebral cortex. These effects are activated in a phasic manner by a great variety of afferent stimuli, arising from: 1. somesthetic afferent fibers and, in particular, nociceptive afferents which are most probably situated in tracts already described by Bechterev (1900) and lately restudied by different authors in numerous animal species (bibliography in Mehler et al. 1960), pathways which are now known as the spino-reticular tract, which expands markedly at the level of the bulbar reticular formation; 2. labyrinthine afferents, especially those coming from the semi-circular canals, which are known to carry powerful arousing impulses, the effects of which on ocular motor activity vary greatly according to the presence or destruction of the posterior bulb (Dumont-TyC and Dell 1962); 3. interoceptive afferents of the vagus nerve (Grastyan et al. 1952) and, in particular, those from baroreceptors (Bonvallet et al. 1954; Dell et al. 1954), which are relayed at the level of the nucleus of the solitary tract, the region in which slow repetitive stimulation leads to deactivation of the corticogram and the appearance of spindle-like rhythms (Magnes, Moruzzi and Pompeiano 1961); 4. projections from the mesencephalic reticular formation. The observations of Bloch and Bonvallet reported above strongly suggest the existence of a reticulo-bulbo-
 
 RETICULAR HOMEOSTASIS A N D CRITICAL REACTIVITY
 
 89
 
 reticular negative feed-back circuit, by means of which mesencephalic reticular structures activate a bulbar mechanism which, in turn, attenuates the activating mechanism itself. This suggests that each mesencephalic reticular activation brings into play a bulbar inhibitory mechanism. This mechanism is activated rapidly, either because of intracerebral mesencephalo-bulbo-mesencephaliccircuits, or because the afferent systems themselves have mesencephalic and bulbar projections (somesthetic, vestibular). In addition there is a second and slower, but highly effective, mode of stimulating this inhibitory mechanism which results from mesencephalic reticular activation which has led to an increase in arterial pressure, and thus has intensified sino-carotid baroreceptor discharges. This latter mode of action seems particularly helpful in clarifying the part played by the bulbar inhibitory regions. It is well known that somatic activity or an intense muscular effort produces a circulatory reaction which is associated with an increase in arterial pressure. The bulbar region is then activated by way of the sino-carotid receptors and the motor facilitation is counteracted (centrally and peripherally), so that an adjustment of the motor output to the circulatory capacity is provided. This “load adjustment” (recalling the “Entlastungsreflex” of Hess) affects not only circulatory regulation but also, simultaneously, the level of motor activity. Finally, the question may be raised whether one of the characteristics of this bulbar system is that it functions “cumulatively”. We observe, for instance, that the cortical effects of sino-carotid distention are prolonged for tens of seconds after the end of the distention and that the psychogalvanic reflex remains inhibited for long periods (40-50 sec) in pre-bulbar animals. This suggests that there may be successive additions to the residual inhibition left by preceding stimuli. This would lead to a gradual and prolonged “unloading”. These bulbar mechanisms and especially their tonic effects, have been studied by Moruzzi and his group (discussion in Moruzzi 1960), who used the electrocorticogram as an index, and related it to the state of wakefulness or sleep of their preparations. If one accepts some of the suggestions here made, then sleep would be only an extreme state resulting from an accumulation of bulbar inhibitory effects. If bulbar activity attains a certain level, and if, at the same time, nothing has disturbed the deactivation of the mesencephalic reticular formation which it has produced, then sleep is induced and is self-maintained. I l . The part played by the cerebral cortex in reticular homeostasis
 
 In a series of publications, Hugelin and Bonvallet (1957 a, b, c, 1958) have demonstrated the existence, and have analyzed the properties of a reticulo-cortico-reticular regulatory circuit. Phasic intensification of reticular activity leads to classical cortical “arousal” and this, in turn, leads to a cortico-reticular bombardment from the entire cortical mantle, so that the reticular activity is thus inhibited. We refer the reader to the original articles for descriptions of the various experiments which have made it possible to determine the anatomy of this circuit and which have defined the conditions necessary for its activation. Certain aspects of these observations were recently
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 criticized by Bremer (1960); in this volume will be found a detailed reply to these objections by Hugelin (cj: p. 105). In the context of this study of reticular homeostasis we shall merely point out some of the dynamic properties of this feed-back circuit, properties which identify it as the essential governing mechanism for the adjustment of reticular activity to a given level in mammals with a well-developed cerebral cortex. Briefly, the experiments consisted of the simultaneous recording of electrocortical activity and one other test of reticular activity in “encephale isolt” preparations, e.g., the facilitatory action of the mesencephalic reticular formation on a monosynaptic reflex, or the inhibitory action of this same structure on certain polysynaptic reflexes. As the various examples shown in Figs. 1, 2 and 3 clearly indicate, the facilitatory reticular effect (or the inhibitory one) is rapidly attenuated and suppressed. This phenomenon of “recuperation” coincides with cortical “arousal” and is due to the regulatory action of the reticulo-cortico-reticular loop. From a dynamic point of view, and borrowing the terminology of servo-mechanisms, the essential functional characteristics of this system are as follows : 1. The reticular formation is a controlled system. The cerebral cortex is the feedback controller. Any external disturbance which alters the activity of the controlled system is detected and amplified (cortical arousal) by the feed-back controller. The cortical “arousal” induces an actuating signal which can oppose the variations existing at the level of the controlled system (reticular formation). 2. In such a servo-mechanism the alteration in reticular activity resulting from the disturbance is, usually, not fully corrected. A “system error” persists which is proportional to the disturbance. This error is greatly amplified at the level of the feed-back controller, the cerebral cortex. Consequently, one may speak of the gain of the feedback controller i.e., the cortical gain. 3. It is possible to evaluate this error and the corrective power of the system under study. An example is shown in Fig. 5 taken from an experiment in which the behavior of the reticulo-cortico-reticular loop was analyzed during different stages of induced hypoxia (6.57” 0 2 in Nz) using three test responses: (a) at the cortical level (electrocorticogram), (b) at the reticular level (reticular unit recorded by extra-cellular microelectrode) and (c) by means of a test of reticular facilitation (monosynaptic reflex of the masseter). It is known that such a hypoxia developes in three stages: first, a reticular activation due to carotid glorni discharges stimulated by the reduced oxygen pressure, and associated cortical arousal (Dell and Bonvallet 1954; Hugelin et al. 1959; Dell et al. 1961); secondly, a disappearance of cortical activity after a certain time, which is due to its sensitivity to the lack of oxygen; and thirdly, a post-anoxic phase of intense cortical desynchronization upon restoration of ventilation with normal air. Within the present context, several interesting facts are illustrated by Fig. 5: (a) The frequency of the reticular cell discharges increases only moderately during the onset and intensification of cortical arousal (graphs marked 10 sec and 1 min after onset of hypoxia). The reticular activation is much less than might be supposed from the intense cortical desynchronization. Then, exactly at the moment when the cortical
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 tracing changes from desynchronization to slow wave activity, prior to the hypoxic flattening of the record, the reticular cell suddenly begins to discharge at a rapid rate (tracing marked I min 30 sec after the onset of hypoxia). Finally, during the postanoxic phase, there is an even more marked cortical desynchronization, whereas the reticular cell is silent (tracing marked 2 min 30 after onset of hypoxia). FR ~. A
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 Fig. 5 The effects of progressive, acute hypoxia on several tests of reticular activity. Left, comparative effects on the corticogram and monosynaptic masseter reflex. The chemoreceptive origin of the cortical arousal is apparent after 14 min of hypoxia (6% OZ),as well as the appearance of motor facilitation, which coincides with the absence of electrocortical activity (Bonvallet er al. 1961). Right, simultaneous recordings of an “activating” reticular cell and of the corticogram. The frequency of the reticular discharge doubles at the exact moment of the electrocortical disorganization (Hugelin et a!. 1959).
 
 (b) The amplitude of the monosynaptic reflex does not increase during the entire period of cortical arousal, so that facilitation of the monosynaptic reflex is not apparent when reticular activation occurs gradually. The amplitude of this reflex increases suddenly and marked facilitation occurs at the exact moment of the disappearance of cortical arousal and its replacement by a flat record. All the phenomena here briefly described have been analyzed in detail by Hugelin (1959) and Bonvallet and Hugelin (1961). These results provide the data for an approximate measure of the system error and the corrective power of the reticulo-cortico-reticular feed-back. (a) This error is proportional to the difference between the frequency of the reticular cell discharge at rest and the moment of maximal cortical “arousal” which just precedes the disappearance of this “arousal”. (b) The corrective power of the cortex in its capacity as the feed-back controller may be evaluated by comparing the condition of thecontrolled system - the reticular formation - at the moment of maximal control, when cortical “arousal” is very intense, and when the feed-back controller is suddenly destroyed by cortical anoxia, References P. 102-103
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 i.e. at the onset of slow wave activity. The corrective power is proportional to the
 
 difference in the frequency of discharge of the reticular cell at these two moments. (c) The error of correction, as indicated by the slight increase in reticular discharge, is not reflected in the same fashion by the various tests of reticular activity which are available to us. If, for a moment, we look at the cortical activity, not as the feed-back control introduced into the regulatory system, but simply as a test of reticular activity, we can see that at this level the error shows up as a marked increase in electrocortical activity. The reason for this is that the reticular discharges are, in addition, markedly amplified by cortical networks. In contrast to this, there is no such amplification at the reticule-spinal level. The slight increase of reticular discharge does not lead to a facilitation of monosynaptic reflexes. Furthermore, other examples will show that, at the level of the connections between the reticular formation and the interneurons of polysynaptic reflexes, there is a somewhat greater amplification. Hence, partial inhibition of these reflexes can develop under conditions of mild reticular activation which remain incapable of facilitating a simultaneously recorded monosynaptic reflex. 4 . Another basic feature of such a system is an inherent inertia. The corrections are not made instantaneously at the level of the corrected system, the reticular formation. The delay is obviously equal to the sum of the delays intervening at each level of the two arms of the reticulo-cortico-reticular loop : the reticulo-cortical time and the time for cortical neuron recruitment on the one hand, and the cortico-reticular transmission time on the other hand. These delays have been measured (see, for example, Figs. 1 and 2 in Hugelin and Bonvallet 1957b). Under optimal conditions the feed-back effect on the reticular formation can begin 100 msec after the onset of the reticular stimulation and it increases exponentially for the next 200 to 300 msec. Thus, the reticular disturbance can be corrected after 400 msec, and only the error defined above persists. This delay depends upon the condition of the preparation and, in particular, upon the rapidity with which the cortical controlling system builds up an intense cortical “arousal”. Under optimal conditions the delay is of the order of 300 to 400 msec; in other instances it can last several seconds. The recovery phase is terminated when reticular activity has stabilized at a new level. The delay thus determined was obtained under artificial conditions because, in these experiments, the reticular disturbance was produced by electrical stimulation of the reticular formation. Under natural conditions one must take into consideration the fact that a certain period is required to produce the reticular disturbance itself, e.g., the time needed to recruit reticular neurons by extra-lemniscal collaterals or spino-reticular projections (this additional delay is of the order of 30 msec). In summary, these are the essential dynamic properties of the reticulo-corticoreticular loop. They make possible fine adjustments of reticular activity, and provide a supplementary non-specific central action for numerous extra-cerebral factors which, instead of affecting reticular activity directly, can act on the reticular monitor, the cerebral cortex.
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 111. The role of extra-cerebralfeed-back circuits in reticular homeostasis
 
 We have shown so far how the dynamic interrelations between the reticular formation of the mesencephalon, the cerebral cortex and bulbar structures regulate any disturbance of reticular activity by controlling this activity and adjusting it to the vicinity of its initial level. It now remains necessary to replace the reticular system and its intra-cerebral control systems in their normal context, i.e., within the organism, and to study the effects of natural disturbances, i.e., disturbances due to changes of the internal or external “milieu”. Consequently there arise three series of new problems which are concerned with reticular homeostasis : 1. Disturbances due to sensory excitation or to a shift in one component of the internal “milieu” require a certain amount of time. A physically defined stimulus can, however, have very different reticular effects, because first, its reception by the sense organs may be modified, secondly, because the sensory message may be amplified or inhibited at the different relays of the sensory path and finally, because its entry and transmission at the reticular level may be altered, so that its effectiveness as a reticular activator is modified. 2. The same disturbance, in addition to its reticular effect, may have an effect at the level of one of the two systems so far examined which control reticular activity and thus increase or reduce the control gain and modify the dynamics of the intra-cerebral feed-back systems. 3. Finally, it is well known that any variation of reticular activity engenders autonomic changes, respiratory, circulatory, humoral and others; in turn, these can secondarily act upon the reticular formation or its control systems. The use of preparations which have been stabilized by anesthetics or sections of the neuraxis eliminate these effects during experimentation. It is, however, obvious that an animal’s behavior under natural conditions consists of hunting, fighting, and aggressive acts of all sorts. The reticular centers control the autonomic adjustments necessary to the effective execution of somatic activities and the resulting humoral changes react, in return at the central level, in the manner described in the preceding paragraph. We cannot fully deal with these three aspects of reticular control by extra-cerebral circuits and we shall simply give some recently studied examples which illustrate each of the above listed categories. (a) The reticular formation modifies sensory reception. Local orienting reflexes (eye movements, movements of the pinnae), pupillary diameter, mechanical sound transmission in the middle ear depend intimately on reticular activity. Changes in peripheral receptor sensitivity and in the transmission capacity of the first sensory relays have been attributed to reticular influences. Consequently, the sensory message produced by a well defined physical stimulus and arriving at the brain stem over classical sensory pathways may be highly variable, depending upon the circumstances. This aspect of the problem cannot be dealt with here. (b) More important, for reticular homeostasis, is the fact that a given message does not always have the same activating power over reticular activity but that this depends on the functional state of the reticulo-cortico-reticular system at any given moment. References n 102-103
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 Hugelin and Bonvallet (1958) have shown that the same standard peripheral stimulus led to a marked momentary facilitation of a monosynaptic reflex when the cortex showed spindle activity or slow waves, but that it produced only an insignificant facilitation when cortical activity showed wakefulness and desynchronization. Therefore, the capacity of a message to produce reticular activation is under the control of the cortical activity at the given moment. This mechanism also explains why a stimulus which is quite capable of evoking cortical “arousal” and motor facilitation in a resting animal is incapable of producing motor facilitation if it follows a short time after a prior stimulus has affected another sensory field and disturbed the reticulocortico-reticular equilibrium. (c) The momentary condition of the circulatory and respiratory constants plays a major part in the adjustment of the level of reticular activity. Years ago, we gave a number of examples by showing the opposite effects, direct and reflex, of arterial pressure, circulating adrenaline, and sino-carotid baroreceptor discharges on the reticular formation (Bonvallet et al. 1954; Dell el al. 1954). It wasshown that thestudy of the respiratory constants ($02 and p 0 2 ) were even more interesting, because it was possible to consider, not only their direct and reflex effects at reticular levels, but also their effects on the amplification capacity of the cortical feed-back controller. We have already analyzed one aspect of the dynamism of the reticulo-corticoreticular circuit by means of variations in p0z during hypoxia. The differential effects of hypoxia at cortical and reticular levels demonstrated, above all, the presence and power of the cortical “braking” effects. This was indicated by the spectacular increase in reticular discharge at the moment of suppression of this “braking” effect, as was shown by the disappearance of cortical electrical activity. Even more striking results were obtained by analyzing the effects of variations of pC02 on the equilibrium of the reticulo-cortico-reticular circuit (Gautier 1961). By slowly varying the p C 0 z all the intermediary phases of cortico-reticular interrelations can be demonstrated. Fig. 6 shows that for pC0z slightly below normal (light hypocapnia) the cortical record is not very active and the monosynaptic reflex, taken as test of facilitatory reticular bombardment, is very marked. If p C 0 z is increased by making the “encCphale isolC” preparation inhale a mixture of gradually increasing COz, one can note a progressive activation of the cortical record and a reduction in amplitude, and then a complete disappearance of the monosynaptic reflex. It goes without saying that the same experiment has been repeated on decorticated animals and that the effects of hypo- and hypercapnia have also been studied on a monosynaptic reflex after its disconnection from the reticular formation. These results show that, because of the greater sensitivity of the cerebral cortex to the effects of COZ,the cortical feed-back controller rapidly passes into a state of intense arousal. It greatly amplifies the small surplus of activity produced at reticular levels by the direct and reflex effects (chemoreceptors) of COz. Because of the direct action of COZ on the cortex, the intense cortical activation leads to reticular inhibitory effects which are indicated by the total disappearance of the reticular facilitation of the monosynaptic reflex. Such observations made on simplified preparations and by artificially varying certain autonomic constants cannot be considered to be mere artefacts or
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 experimental curiosities. Indeed, if one examines the tables and curves of variation of circulatory and respiratory constants during muscular effort, one realizes that all somatic activity is associated with large fluctuations beyond the normal values of arterial pressure, pCO2, p02, etc. Furthermore, some of these changes cannot be attributed to peripheral factors; some of them stem from reticular effects on the
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 Fig. 6 Comparative effects of the changes in alveolar pressure of carbon dioxide on the corticogram and the monosynaptic masseter reflex (the upper tracing of each record shows the deflections of the amplitude analyzer recorded on the polygraph). Observe that cortical deactivation goes hand in hand with an increase of the masseter reflex (release of facilitatory reticular influences), whereas corticographic arousal corresponds to its depression (inhibition of the facilitatory tonus of reticular origin) (Gautier 1961).
 
 central regulatory mechanisms of these autonomic activities, such as the bulbar respiratory center (cf. Cohen and Hugelin 1961). In the normal, active animal all the regulatory links which are here artificially isolated, constitute a series of positive and negative feed-back circuits. This has been shown diagrammatically in Fig. 7 (see legend for descriptive details), and it is these circuits on which the level of reticular activity depends in the end.
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 Fig. I Diagram showing certain functional relationships between the activating reticular formation and the structures sensitive to changes in blood composition. An afferent stimulation excites siniultaneously the cerebral cortex and the respiratory centers. This leads to aloweringof p C 0 z andincreased pOe By way of a chemo-reflex, the lowering of p C 0 z acts on the activating system and on the respiratory centers, the activity of which diminishes and, by a humoral path, it acts on the cerebral cortex. The excitability of the latter is reduced and the consequent absence of the cortical braking action increases the activity of the reticular system.
 
 ( d ) Finally, these circuits are not functionally equivalent. They possess highly variable time constants. Some regulating mechanisms permit relatively rapid phasic adjustments, others include humoral intermediaries and lead to rather slow variations. The rapid phasic adjustments are superimposed at any one moment on the more slowly developing changes. There exists, however, a fundamental difference between the neural and humoral factors and this suggests, necessarily, a hierarchical classification in terms of the contingent or unavoidable aspects of certain actions. Thedirecteffects of the humoral factors at the level of the reticular formation and its cortical control system are unavoidable and, hence, prepotent. Most of the effects transmitted neurally (of interoceptive or exteroceptive origin) pass, on the other hand, through relays which have filters and gain controls ;they can be preferentially suppressed or intensified. These various facts briefly reviewed here show that many neural and humoral factors, which have been regarded up till now as activating or deactivating agents of the mesencephalic reticular formation, must be regarded as links in complex extracerebral chains which emanate from, and lead to, reticular structures and are designed for the homeostatic control of this activity. IV. The properties conferred on the reticular systems by homeostatic mechanisms
 
 In terminating this chapter we would like to show how the observations stated above lead, on the one hand, to modifications of the original and traditional image of the
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 reticular formation and, on the other hand, to the concept of a reticular system, which is endowed with homeostatic properties, and represents the fundamental regulator of somatic and autonomic activities. (a) The reticular activating system has been described as the site of convergence of heterogeneous somatic and autonomic afferent activity and to it has been attributed the part of integrator of the different spheres of activity of the organism. This view can be maintained, provided that one takes into account the fact that numerous central actions impinge on the reticular system and its control mechanisms at the same time, or that they may act on the cortical and bulbar control mechanisms and only indirectly on reticular activity. (6) There is, apart from artificial, experimental conditions, no reticular stimulus which can be physically defined and repeated. The reticular activation produced by a natural stimulus depends, first, on a regulation (by the reticular formation or its control mechanisms) of the incoming pathways from the periphery to their reticular point of entry. Secondly it depends on the rapidly acting reticular controls activated by the stimulus. The efficacy of this regulation reflects to a great extent the state of the organism at that given moment. The appearance, intensity, and duration of the facilitatory reticular discharges (ascending and descending) are the necessary conditions for the initiation of most sensory and motor activities. These conditions depend upon the selection of information which can produce a reticular disturbance the intensity of which is determined by the state of the control systems. (c) The intra- and extra-cerebral control mechanisms, are the guarantors of the ,functional stability of the reticular systems. Several authors have already emphasized the part played by local inhibitory circuits in the stabilization of motoneurons or sensory relays (cf. for example, Brooks 1959) and in this volume (cf. p. 23) Granit discusses the Renshaw cells from a similar point of view. Masses of neurons sensitive to humoral factors and subjected to bombardment by many afferent systems (which themselves may frequently produce continuous tonic discharges) could react only in a disorganized manner. Reticular stabilization is possible only because these disturbances are eliminated at their origin or, if they have already taken place, because of a rapid rectification of their effects. ( d ) The data at present available to us are purely qualitative and it is therefore difficult to determine whether reticular activity adopts different levels by constantly and gradually passing from one to the other, or whether there are preferential “set points” at which it becomes momentarily stabilized and fixed. ( e ) The major concept which, in our opinion, is to be derived from these observations is that of a power reserve of reticular activity. Most of the regulatory actions which we have described are “braking” actions. Released, left to themselves, and subjected to the same humoral conditions, the reticular neurons display a discharge rhythm which is much greater than the one they are forced to adopt under the stabilizing intra- and extra-cerebral influences. A first consequence was pointed out by Granit, when he wrote: “The purpose of spontaneous activity is to keep the neuron appropriately biased and responsive to signals of either sign”. It is, moreover, well known that a system can reach a higher level of activity much more rapidly and References P. 102-103
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 easily if it is not necessary to drive that system to the new level, but merely to release a brake. B. CRITICAL
 
 REACTIVITY*
 
 Wakefulness is characterized, not only by more or less intense sensory and motor activity, but also by the fact that the organism, exposed to a multitude of different stimuli, selects and responds in an adaptive manner to one of them. in this second chapter it thus becomes necessary to analyze how variations in the level of reticular activity condition the preferential dispatch of one afferent excitation among many others to a given group of motoneurons, this “final common path” being at the same time cleared of all other afferent impulses which might innervate it. Two mechanisms are involved : ( a ) The reticular formation is capable of selectively inhibiting certain groups of interneurons, and thus, while it blocks a limited part of the circuit, it leaves the circuit beyond that point available for response to impulses arriving over other pathways. (b) There is a differential sensitivity of the various relays of polysynaptic or corticospinal reflex pathways to reticular influences. This is due to differences in amplification of reticular effects at the level of the various relays. These two propositions will be illustrated by examples taken from two recent papers published by Hugelin and Dumont (1961) and Hugelin (1961). 1 . The differential action of reticular discharges The polysynaptic jaw opening reflex after stimulation of the lingual nerve and recorded from the nerve of the digastric muscle is depressed or suppressed by mesencephalic reticular stimulation. To analyze the mechanism of this inhibition, the first known relay of this reflex at the level of the substantia gelatinosa of Rolando, was stimulated by an intracerebral bipolar electrode (Fig. 8). In response to a single electric shock one can record from the digastric nerve a series of events. The first corresponds to a motoneuron discharge due to direct stimulation of the motoneuron pool by current spread; the second represents a motoneuron discharge due to stimulation by diffusion of interneuron group 12, adjacent to the motor nucleus. The third and the lesser, subsequent events represent motoneuron discharges due to the direct stimulation of the interneuron group 11 of the substance of Rolando (first relay of this reflex arc) which immediately surrounds the stimulating electrode. At the onset of reticular stimulation (second right-hand picture of Fig. 8) the motoneuron discharge ( I st event) is facilitated, the motoneuron response to the discharge of IZ (second event) is slightly inhibited and the motoneuron response to the discharge of 11 (subsequent deflections) is completely inhibited. Consequently, as ..
 
 *
 
 ~.
 
 Critical reactivity is an expression introduced by Pieron. It qualifies the capacity to respond with “judgment” to external stimulations. The word “critical” is used in its etymological sense ( X F L Y E L V , to judge), which it has preserved in French, German and Italian to qualify that part of Logic which deals with judgment. In this context, the title expresses the idea of motor responses adapted to the prevailing conditions.
 
 RETlCULAR HOMEOSTASlS AND CRITICAL REACTIVITY
 
 99
 
 a result of relatively intense reticular discharge, each of the three principal relays of this reflex arc responds differently to the reticular stimulus. After several seconds of reticular stimulation (right-hand image 3 of Fig. 8) the cortical correcting circuit for reticular activity reduces its discharge. The reticular action at the level of these three relays is now altered: direct motoneuron discharge is no longer facilitated, whereas the discharge corresponding to activity in interneuron group I2 is no longer inhibited. Only the discharge due to activation of the first relay 11 remains inhibited, though not completely.
 
 Fig. 8 The differential action of mesencephalic reticular stimulation on the three relays of the polysynaptic digastricjaw opening reflex. Explanationin the text (Dumont et al. 1961).
 
 From these different observations one may conclude that the complete disappearance of a natural reflex response following reticular stimulation, is due to a selective inhibition of the interneurons of the first relay in the substance of Rolando. A partial disappearance, i.e., a reflex response of reduced amplitude, must be attributed to two different mechanisms, depending upon the circumstances: (a) At the onset of the reduction of the intense reticular stimulation reflex amplitude is the result of a direct reticular facilitation of the motoneurons; because of this facilitation the motoneurons can still be activated by reflexogenic volleys which are already subliminal due to the inhibition of group 11. (b) During the recovery phase, induced by the cortical feedback control, the reflex response reappears after complete suppression, because the reticular discharges are no longer sufficiently intense to completely block the interneurons 11 of the first relay. References P. 102-103
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 2. Switching in the agonist-antagonist system If one provokes at the same time a monosynaptic reflex of the masseter nerve (closing of the jaws) and a polysynaptic reflex of the digastric nerve (opening of the jaws) and if, during a given period, the two shocks succeed each other so that the digastric response (response equivalent to a flexor reflex activated by group I1 and 111 afferents of the lingual nerve) precedes the masseter response, then one observes the classical phenomenon of reciprocal inhibition in a resting “enciphale isolC” preparation: the monosynaptic masseter response (equivalent of an extensor reflex) is entirely inhibited. Mesencephalic reticular stimulation has different effects in this agonist-antagonist system, according to the intensity of the stimulation : (a) Relatively weak reticular stimulation, which cannot directly facilitate the masseter motoneurons, will nevertheless result in the appearance of the masseter response, because the interneurons I1 of the reflex arc of the digastric antagonist are inhibited. As a result the digastric response is suppressed, the antagonistic masseter reflex is released from reciprocal inhibition and the masseter response attains its normal amplitude. (b) Intense reticular stimulation produces the suppression of reciprocal inhibition described above and, at the same time, a direct facilitation of the masseter motoneurons. The amplitude of the masseter response is, therefore, much greater than normal. (c) If intense reticular stimulation is prolonged, the cortical control circuit is activated and the reticular discharge is gradually regulated. There is a decrease in the amplitude of the masseter response as compared to the level reached at the beginning of intense reticular stimulation (preceding case); it returns to a normal and then even a sub-normal amplitude. In this example the various motor responses result from a differential sensitivity to the effects of reticular stimulation of the interneurons of the first relay of the flexor pathway as compared to effects upon the extensor motoneurons. 3. Shift in the ,functionally active connections to the final common path (a) The afferent groups 11 and I l l of the lingual nerve used in the preceding example are not the only means by which opening of the jaw can be produced. Tactile stimulation of the posterior part of the tongue has the same effect and the afferent pathway is then made up of fibers of larger caliber. This type of reflex can be elicited by weak repetitive electrical stimulation of the chorda tympani (cf. top line of Fig. 9). Mesencephalic reticular stimulation does not inhibit but, on the contrary, facilitates, this jaw opening reflex. In this instance the increased amplitude of the reflex is due t9 a direct facilitatory reticular action on the digastric motoneurons (flexors) without inhibition of upstream located interneurons. Thus, the reticular effect differs, according to whether the same final common path (the digastric flexor motoneurons) is activated by one afferent pathway (instance 5 1) or by another (the present instance). The interneuronsof these tworeflex pathways are differentially sensitive to reticular influences. (6) Alternate activation of the final common path of the digastric motoneurons,
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 by a volley passing through the classic segmental reflex arc analyzed in 9 1, and through the cortico-motor path descending from the cortical masticatory area, shows that reticular stimulation depresses or suppresses the segmental response and markedly facilitates the cortico-motor response. This phenomenon was analyzed in detail by progressively increasing the intensity of reticular stimulation (cJ bottom line of Fig. 9). It could be shown that the progressive depression of the segmental response in favor of the cortical response is due to the relatively different sensitivities to reticular
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 Fig. 9 The commutator-like action of reticular discharge on the digastric final common path. Top, on the left, stimulation of pain fibers in the chorda tympani provokes the digastric polysynaptic reflex, which is inhibited by an arousing stimulation. On the right, during the same experiment, repetitive stimulation of the fibers in the chorda tympani at lower threshold produces, in the drowsy animal, a small response which is facilitated at the moment of awakening. Bottom, reticular stimulation with maximum voltage given immediately or gradually, inhibits the nociceptive digastric reflex (stimulation of lingual nerve at the dots) and facilitates the cortico-motor response of the same motoneurons (stimulation of masticator area of cortex at open circles). , lingual stimulation; 0,cortical stimulation. (Hugelin, 1961).
 
 discharges of the three major components of that response : the digastric motoneurons themselves, the interneurons of the segmental path, the interneurons of the corticomotor path. An outline of the neuronal organization which is at the basis of these changes in active connections of the final common path can be found in the discussion by Hugelin (cf. this volume, p. 105). This series of examples shows that when several reflex systems of different functional significance converge upon a final common path together with cortico-motor pathReferences A ! 102-103
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 ways, the predominance of one of these afferent systems depends essentially on the momentary level of reticular activity. The change in the active connections of the final common paths is a phenomenon closely linked to variations in vigilance. In a sleeping or resting animal a painful stimulus produces a withdrawal movement the local protective function of which is obvious. This segmental and locally useful reflex is also seen in the waking animal, but in this it is no longer predominant. Reticular inhibition of the polysynaptic flexion reflex releases the antigravity muscles from reciprocal inhibition ; this creates the necessary conditions for more general activity, reactions of support, posture, and quadruped walking. Finally, when an incident sensory stimulation accentuates the waking state, there is facilitation of the corticomotor discharges and the so-called “spontaneous” movements. The final common path, cleared by inhibition of the interneurons of the segmental polysynaptic paths, is now entirely available to the pyramidal tract: diversified and adaptive motor behavior now becomes possible. It appears that, by the interplay of these various mechanisms, a system, which has been appropriately named non-specific because of its heterogeneous afferent pathways and effects on many activities, can lead to the differentiation of a whole range of motor functions. At the same time it can create the conditions which are necessary if higher nervous commands are to dispose freely of the motor effectors. These are the very conditions of any critical reactivity.
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 DELL,P., HUGELIN, A., and BONVALLET, M. Effects of hypoxia on the reticular and cortical diffuse (Editors), Cerebral anoxia and the Elecfroencephalograr, systems. In J. S. MEYERand H. GASTAUT C.C. Thomas, Springfield, Ill., 617 pp., 1961: 46-58. DUMONT-TYC, S. et DELL,P. Composantes facilitatrices et inhibitrices du reflexe vestibulooculaire. J. Physiol. (Paris), 1962, 5 4 : 331-332. GAUTIER,H. Technique de prelevement et de mesure continue de la concentration fractionnaire du gaz carbonique alvtolaire chez le chat ventile artificiellement. T h h e mid., Paris, 1961, 60 pp. E., HASZNOS, T., LISSAK,K., MOLNAR, L., and RIZSONYI,Z. Activation of the brain stem GRASTYAN, activating system by vegetative afferents. Actaphysiol. Acad. Sci. hung., 1952,3: 103-1 22. HUGELIN,A. Integration motrice et vigilance chez I’encephale isole. 11. ContrBle reticulaire des voies finales communes d’ouverture et de fermeture dela gueule. Arch. ital. Biol., 1961,99: 244-269. HUGELIN,A. et BONVALLET, M. ContrBle telencephalique de l’excitabilite des motoneurones alpha lors de I’excitation rtticulaire en l’absence d’anesthesie. J. Physiol. (Paris), 1957, 49: 212-214. HUGELIN, A. et BONVALLET, M. Tonus cortical et contrBle de la facilitation motrice d’origine reticulaire J . Physiol. (Paris), 1957a, 49: 1171-1200. HUCELIN,A. et BONVALLET, M. h d e experimentale des interrelations reticdo-corticales. Proposition d’une theorie de I’asservissement reticulaire a un systime diffus cortical. J. Physiol. (Paris), 1957b, 49: 1201-1223. M. Analyse des post-dkcharges rkticulaires et corticales engendrees HUGELIN,A. et BONVALLET, par des stimulations electriques reticulaires. J. Physiol. (Paris), 1957c, 49: 1225-1234. HUCELIN,A. et BONVALLET, M. Effets moteurs et corticaux d’origine reticulaire au cours des stimulations somesthbiques. RBle des interactions cortico-reticulaires dans le determinisme du reveil. J. Physiol. (Paris), 1958, 50: 951-977. HUCELIN,A., et DUMONT, S. Integration motrice et vigilance chez l’encephale isole. I. Inhibition reticulaire du reflexe d’ouverture de la gueule. Arch. ifal. Biol., 1961,99: 219-243. HUGELIN, A., BONVALLET, M. et DELL,P. Activation reticulaire et corticale d’origine chemoceptive au cours de I’hypoxie. Electroenceph. clirr. Neurophysiol., 1959, I1 : 325-340. MAGNES,J., MORUZZI,G., and POMPEIANO, 0. Synchronization of the EEG produced by lowfrequency electrical stimulation of the region of the solitary tract. Arch. ifal.Biol., 1961,99: 33-67. MAGOUN,H. W., and RHINES,R. An inhibitory mechanism in the bulbar reticular formation. J. Neurophysiol., 1946, 9 : 165-171. MEHLER,W. H., FEFERMAN, E., and NAUTA,W. J. H. Ascending axon degeneration following anterolateral cordotomy. Brain, 1960, 83: 718-750. MORUZZI,G. Synchronizing influences of the brain stem and the inhibitory mechanisms underlying the production of sleep by sensory stimulation. Electroenceph. elin. Neurophysiol., 1960, SUPPI,13:232-252.
 
 DISCUSSION W. R. ADEY: Dr. Dell’s very elegant paper has indicated the existence of certain corticofugal influences on the reticular formation, and that these influences exert predominantly inhibitory effects on motor mechanisms. We have studied the role of diencephalic areas in the control of more caudal structures in midbrain and pontine reticular formation. In particular, we have focussed attention on the subthalamic region, which, from our studies, appears to exert a predominantly excitatory influence on the midbrain reticular substance. It was to this region that Morison (In Brain Mechanisms and Consciousness, Blackwell, Oxford, 1954, Ref. p. 15) directed attention as possessing a capacity for arousal of the deeply anaesthetized animal, and he suggested that influences arising in it or passing through it might produce this effect independently of the more dorsally situated intralaminar thalamic system. Our initial studies (Adey and Lindsley 1959) indicated that relatively large lesions in this region in cats and in monkeys were associated with major behavioural changes, including adoption of unusual postures, diminished movement and staring behaviour, and loss of spontaneous feeding, although food placed in the mouth might be eaten ravenously. There was gross interference with a previously learned conditioned avoidance response, with a slow and incomplete post-operative
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 recovery of this response. Exploration of the rostra1 midbrain reticular formation following both acute subthalamic lesions indicated profound changes in responsiveness to peripheral somatic stimuli. With chronic subthalamic lesions, there appeared to be a great reduction in the number of spontaneously firing neurons and a reduced responsiveness to sciatic nerve stimulation. Evoked potentials in the same midbrain zones to sciatic stimulation were also much reduced in acute experiments, but could be restored to their original level by a brief tetanisation at the recording site. This restoration of local excitability by tetanisation decayed over 10 to 15 minutes with the typical curve of a posttetanic potentiation. A variety of other diencephalic lesions produced no comparable changes in midbrain excitability. In later experiments, we have implanted a series of cats with chronic recording and coagulating electrodes, in order to study in a more sophisticated way the effects of subthalamic lesions on both previously learned discriminative performance and simultaneous EEG records from the hippocampal system, the midbrain reticular formation and primary sensory cortical areas (Adey et a/. 1961; Lindsley and Adey 1961). With smaller subthalamic lesions than in the initial experiments, unilateral damage was followed by a gross defect in discriminative performances in both maze and delayed response tests, when the reward was placed in the contralateral visual field. Recovery occurred progressively over 7 to 10 days. A second lesion in the opposite subthalamus was again followed by a temporary inability to discriminate objects in the opposite half of the environment, even when the initial placement was carefully observed by the cat in the delayed response test. Simultaneous EEG records showed a major reduction in the regular trains of 5-6 cycles per second slow waves in the hippocampal system normally accompanying the discriminative performance. This was obvious following a unilateral lesion and was profound after a bilateral lesion. Similar trains of slow waves usually appearing in the midbrain reticular formation and sensorimotor cortex concurrently with the hippocampal trains were abolished. With recovery of the learned performance in the two weeks following the lesions, there was a progressive return of most aspects of the initial slow wave patterns in both hippocampal and extra-hippocampal structures. Similar lesions in more dorsal thalaniic structures were not accompanied by such behavioural defects. Similar sensory defects confined to the opposite half of the environment have recently been described in the cat by Sprague et a/. (1960), and have been attributed by them to interference with specific afferent pathways, including the leniniscal systems. These pathways were not interrupted in our experiments. Our experiments suggest that these defects may arise from an interference with normal interrelations between the hippocampal system and subcortical structures, and particularly with those midbrain areas which our studies first showed to receive descending fluxes from the hippocampal system (Adey et al. 1956). ADEY,W. R . and LINDSLEY, D. F. On the role of subthalamic areas in the maintenance of brainstem reticular excitability. Exp. Neurol., 1959, I : 407426. Amy, W. R., MERRILLEES, N. C. R. and SUNDERLAND, S. The entorhinal area; behavioural, evoked potential and histological studies of its interrelationships with brainstem regions. Brain, 1956, 79: 414439. ADEY,W. R., WALTER, D. 0. and LINDSLEY, D. F. Effects of subthalamic lesions on learned behavior and correjated hippocampal and subcortical slow-wave activity. A.M.A. Arch. Neurol., 1962, 6 : 194-207. LINDSLEY, D. F. and ADEY,W. R. Availability of peripheral input to the midbrain reticular formation. Exp. Neurol., 1961, 4 : 358-316. J. M., CHAMBERS, W. W. and STELLAR, E. Attentive, affective and adaptive behavior in SPRAGUE, the cat. Science, 1961, 133: 165-173. A. ARDUINI:
 
 I should like to ask Prof. Dell whether the behavioural changes produced by arousing stimuli disappear together with the reversal of the EEG changes. W. GREYWALTER:
 
 I want to raise the general question of whether we can safely interpret EEG records in terms of “arousal” on subjective criteria of pattern changes such as Dell presents. Both in human EEG studies
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 and in animal experiments there seem to be conditions of behavioural lethargy, if not sleep, in which the electrical activity is asynchronous and of low amplitude. In normal human subjects the very first stages of drowsiness are usually associated with disappearance of alpha rhythms, before other features such as theta or delta rhythms appear and specific chronic de-afferentation (as in blind people) is usually followed by absence of the characteristic local rhythms. Secondly I should like to ask for more details about the action of COz, which I understand “activates” cortex but suppresses monosynaptic reflexes. Is the cortical activation a direct effect on the neuronic systems or an indirect one through vasodilatation or through the ascending reticular system? We have found that in man the administration of 7% COZcan suppress delta activity associated with midline disturbances, but it has no effect on focal delta activity due to local organic lesions, nor does it suppress the delta activity of deep sleep, even when this latter can be instantly abolished by sensory arousal, and the COZconcentration in the inspired air is high enough to induce a market dyspnoea in the sleeping subject. This may suggest that sleep involves a cumulative suppression of cortical activity by sensory occlusion and cortico-reticular inhibition. In relation to the latter, is the modulation of reticular function by cortex derived from the whole neocortical system or from paleo-cortex or only from certain limited regions?
 
 F. BREMER: Our colleagues Hugelin and Mme. Bonvallet are familiar with the objections which I have made to their conception of a reticulo-cortico-reticular feed-back loop. These objections in no way concern the validity of the experimental findings nor their functional importance. The point to be considered concerns the target of the corticofugal influences which constitute the counterreaction to the reticular arousal of the cortex. Hugelin and Bonvallet believe they have demonstrated that these influences return to the ascending reticular system which emitted the corticopetal impulses, and that they inactivate these by neuronic inhibition. Yet the only known effects of cortico-reticular discharges consist of activation rather than inhibition of the reticular arousal system. On the other hand, the amplitude of the monosynaptic trigeminal reflex could not be considered, in my opinion, as an indication of tonic activity of the reticular arousal system unless it were demonstrated that the neurons of this system are identical with those of the facilitating descending reticular formation. This identity has hitherto been based only on the features of Golgi sections described by the Scheibels. Moreover the reflex, after its initial phase of facilitation in reticular arousal, may show a reduction of amplitude relative to its initial value (tracings presented by Hugelin and Bonvallet). There is therefore not only defacilitation in this case, but active inhibition. The question can finally be raised as to whether the effect of anoxia on the spinal activity might not be explained by a direct action on the neurons of the cord, which are known to be more sensitive to all convulsive agents than are those of the cortex.
 
 HUGELIN,A. et BONVALLET, M. Tonus cortical et contrBle de la facilitation motrice d’origine reticulaire. J . Physiol. (Paris), 1957, 49: 1171-1223. SCHEIBEL, M. E. and SCHEIBEL, A. B. Structural substrates for integrative patterns in the brain stem reticular core. In: Reticular Formarion ofthe Brain. Little, Brown and Co., Boston, 1958: 31-55. A. HUGELIN: In his report this morning Professor Dell has shown the existence of several mechanisms controlling reticular activity. Among these, he has described the functioning of an operational reticulo-corticoreticular system. I should like to indicate the possible role of such a system in the integration of information at the level of the final common pathways. But first 1 should want to answer some questions raised by Professor Bremer. Professor Bremer asked whether the corticofugal inhibition which opposes the reticular facilitation of the motor neurons might not act a t the level of the reflex circuit used in testing, rather than at the level of the reticular cells, as we suggested. To my knowledge there are no arguments immediately applicable either in favour of or against this theory, with the exception of anatomical studies by Walberg and Kuypers, mentioned by Dr. Pompeiano, which are against Professor Bremer’s hypothesis.
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 On the contrary, there are several indirect arguments against this hypothesis. I n his presentation this morning, Professor Dell first showed that arousing stimuli give rise not only to corticographic activation and facilitation of motor neurons, but also to a series of somatic and vegetative manifestations. He then showed that all these effects of reticular origin are subject to the inhibitory control of the cerebral cortex. If we accept the hypothesis of a specific corticofugal pathway of motor neuron inhibition, we must also postulate the existence of numerous specific corticofugal pathways, each opposed to the effects of the reticular activating system at the level of the different specific centers upon which this system is projected. The specific pathways would facilitate the first relays of flexion reflex afferents, and inhibit the interneurons of the pyramidal system, the cells of the respiratory centers, those of the vasomotor and cardio-accelerator centers, the effector neurons of the psychogalvanic reflexes, the pupil-dilating neurons, etc. Such a complication has not been excluded but does seem rather unlikely. On the other hand, there are numerous arguments in favour of inhibition of reticular cells of corticofugal origin. We know, first of all, that the corticofugal inhibitory pathways pass through the internal capsule, emerging from corticospinal fibres at the level of the junction of the mesencephalon and diencephalon and bordering on the dorsal surface of the mesencephalic tegmentum. Direct electrical stimulation is no longer capable of effecting motor inhibition below this level; in view of this fact S. Tower (1936) maintained that the corticofugal inhibitory pathways inhi bit the facilitating extrapyramidal structures localized at the level of the upper brain stem. In this respect 1 should like to answer parenthetically a question raised by Professor Bremer. Professor Bremer remarked that, in some of our figures, the monosynaptic reflex which tests reticular excitability is not only restored to its initial level but obviously inhibited. We believe that this type of effect of direct electrical stimulation of the mesencephalon is due to simultaneous stimulation of the facilitating neurons and the corticofugal inhibitory pathways. This explanation is corroborated by two facts: I . We have never obtained secondary depression of the monosynaptic reflex by stimulating regions other than the dorsocaudal part of the lateral hypothalamic area and the rostrodorsal part of the mesencephalon. 2. This effect is not observed when reticular neurons are excited by the extralemniscal route. Therefore, I do not think that the secondary depression of the monosynaptic reflex could be used as an objection (in any case not absolute) to the theory of servo-control. There are other arguments in favour of corticofugal inhibition of reticular cells. All those authors who have recorded from isolated mesencephalic reticular cells have been struck by the fact that spontaneous unitary activity, or evoked activity, often develops in a direction which is the reverse of that expected in a purely passive system. Schlag (1958) believes that this may be caused by the inhibitory activity of the corticofugal system. BureS and BureSova (1961) observed a considerable increase in activity of numerous mesencephalic reticular cells at the time of onset of “spreading depression”; these authors believe that the increase in corticofugal inhibition affords a probable explanation for their results. We ourselves, with Bonvallet and Dell, observed the same phenomenon when cortical activity was arrested following anoxia (Hugelin, Bonvallet and Dell 1959; Bonvallet and Hugelin 1961). But Professor Bremer criticizes the use of anoxia and suspects that errors are introduced into our experiments because the oxygen deficiency acts on the central nervous system via several mechanisms. I should like to make an attempt to reassure him, showing why these experiments are conclusive. It is possible to demonstrate 3 different mechanisms jointly effecting an increase in reticular cellular activity during anoxic anoxia, viz. : ( I ) excitation of chemoreceptor origin; (2) liberation of a corticofugal inhibitory influence and (3) direct humoral excitation. When complete, immediate anoxia is produced, these 3 mechanisms act almost simultaneously. But because their thresholds are different, they can be dissociated during the progressive increase in hypoxia. This has been done in our experiments by having the subjects inhale a mixture of nitrogen and 6.5% oxygen. Activation of the chemoreceptors is apparent when the PaOz reaches 85 mm Hg and increases to the extent to which the anoxia progresses. Cortical electrical activity is disorganized and abruptly disappears within 1-5 seconds ~ 60 mm Hg. It is only a t this moment that the reticular cells begin to be directly when the P A Oreaches excited (by an unknown mechanism), and this excitation progressively increases until the P A O ~ reaches 45 mm Hg. To answer another question by Professor Bremer, our experiments were made in “enckphale isole” animals, and it was simultaneously verified that the spontaneous discharge of motor neurons and facilitation of spinal reflexes below the section of the cord were not changed as a result of hypoxia
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 except at P A O values ~ near or below 45 mm Hg, which is well after the onset of reticular facilitation. The control of reticular cells by corticofugal inhibition is demonstrable by comparing the effects of standard progressive hypoxia in preparations with and without cortex. When the effects of the cerebral cortex have been eliminated by diencephalic section of the brain stem, acute progressive hypoxia - by the chemoreflex route - provokes progressive facilitation of the cranial monosynaptic reflex used as test, and simultaneously a regularly increasing activation of the reticular cells, the frequency of discharge of which finally doubles; these two phenomena begin about 90 sec after the start of the experiment and gradually attain their maximum after I50 sec. The results are very different in preparations with an intact cerebral cortex; at 90 sec there is only a slight increase in frequency of certain reticular cells, chosen because they are excited by several kinds of peripheral stimuli and because their excitation always coincides with cortical desynchronization. No facilitation of motor neurons is observed at that time. After 120-150 sec, a t the exact moment of cessation of cortical activity because of lack of oxygen, motor facilitation abruptly appears, reaching its maximum in 1-5 sec. The frequency of reticular activating units doubles at that moment. The coincidence of the immediate motor facilitation and the massive increase in the frequency of discharge of the reticular cells with the disappearance of cortical activity was observed in all cases, without exception: this leaves no doubt as to the correlation which exists between the two types of phenomena. In our opinion this establishes with certainty the existence of a control of reticular activating cells and facilitating cells by inhibition of cortical origin. The fact that the corticofugal inhibition takes place at the level of the reticular cells can be regarded as established; two hypotheses can therefore be envisaged. The first is that the reticular ascending activating system (RAAS) and the reticular descending facilitating system (RDES) arise from the level of the same reticular neurons, and that inhibition of cortical origin takes place precisely at the level of these neurons. The second is that the RAAS and the RDFS are functionally distinct mechanisms, and that corticofugal inhibition acts on the neurons of RDFS only. If the RAAS and the RDFS are functionally distinct, they may be brought into action separately under natural conditions. It should then be possible, after excitation of the RDFS, to observe motor facilitation without cortical activation. 1. In favour of this hypothesis, it seems, is the fact that apparently spontaneous generalized activations of the corticogram are often accompanied by a depression of monosynaptic responses of the motor neurons, and that the same phenomenon can be observed after certain arousal stimulations have been immediately interrupted; we know, however, that in the former case there may be generalized cortical activation of humoral and extrareticular origin (cf. Desmedt and La Crutta 1957; Hugelin, Bonvallet and Dell 1959). We also know that the latter case may be explained by prolonged post-discharge of the cortex (Hugelin and Bonvallet 1957~). 2. The following major objection to this hypothesis can be made. Taking the precaution to test the excitability of motor neurons at intervals sufficiently short to ensure that a facilitation of a few tenths of a msec cannot escape observation, it has never been possible to obtain, by stimulation of a peripheral nerve, cortical arousal or isolated motor facilitation (Hugelin and Bonvallet 1958). 3. The effects of direct reticular stimulations are also in disagreement with the hypothesis of duality of the ascending activating and descending facilitating systems. In fact it is impossible to obtain motor facilitation without activation by varying the points of excitation and the parameters of stimulation and, although cortical activation without facilitation is readily obtained during a stimulation, this is never accompanied by motor inhibition except when the region of the corticofugal inhibitory pathways is stimulated. The hypothesis of functional unity of the RAAS and the RDFS seems more in accordance with the experimental results obtained (Hugelin and Bonvallet 1957b) but it is more difficult to understand because it rests, not only on anatomical notions but on principles of cybernetics. In this hypothesis it is accepted that ascending and descending messages are simultaneously emitted by the neurons of the same network, and that cortical activation is the origin of an inhibitory discharge which acts on the reticular neurons proper. According to this theory, the network of reticular neurons must be a controlled system, and the inhibitory cortical system a controlling system. Any change in activity of the controlled system is transmitted to the controlling system which then opposes the change. When repetitive stimulation has been established, motor facilitation is a t the same time effected as a consequence of the increase in the descending discharge; cortical activation is effected because the ascending discharge is increased; this in turn gives rise to the corticofugal discharge which opposes the excitation of the reticular cells. After an interval which corresponds with the delay in cortical action, both the ascending and the
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 descending effects must be reduced; this is in fact what is observed but, if facilitation ceases and if the system is stable, the cortical tonus remains higher than before stimulation started (cf. Dell report, p. 92). This last point can be understood if it is borne in mind that, in order to be effective, a controlling system must be more sensitive to disturbances than the system it controls. Because they undergo more considerable amplification in the cortex than in the motor neurons, the efferent reticular signals respond to this condition. The hypothesis that the operational system studied acts as a servo-mechanism is discussed in detail in a publication which we can only mention briefly. It suffices to add that, from a cybernetic point of view, the behaviour of such a system can be logically predicted. It has been possible to design an electronic model of a control system, taking into account the time of conduction and the inertia of the multineuronic systems. The responses obtained on the basis of such an analogous system (analogous to the response to disturbances) are comparable with the curve of excitation of motor neurons obtained during sustained reticular stimulations. However, it is probably more appropriate to ask how a control system consisting of nerve cells functions. In Fig. 10, an attempt has been made at depictinga simplified neuronic circuit capable of behaving in a manner similar to that of a reticulo-cortico-reticular system. In accordance with conclusions based on experimental findings, it was decided that, in principle: (1) the schema should include a single activating system simultaneously exciting the cortex and the motor neuron; (2) the cortex should be more sensitive to the reticular discharge than the motor neuron; (3) the cortex should inhibit the activating cells themselves; (4) the conduction time in the counter-reaction loop should be longer than the conduction time in the reticulospinal system.
 
 Fig. 10 The schema consists of elements functioning on the “all or nothing” principle. It is agreed that the threshold of a neuron is reached when 4 excitatory synaptic terminations (black points) are simultaneously activated; that one inhibitory termination (open circle) annuls the effect of an excitatory termination; and that the conduction time is the same in each element, and equals the unit. The schema comprises several cell types. In the centre 3 neurons (reticular neurons R1-3) receive an indefinite number of excitatory terminations. A stimulation of intensity S causes discharge of a single
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 reticular neuron; an impulse of 2 s intensity causes discharge of RI and R2, and a shock of 3s intensity causes discharge of the 3 reticular neurons. Each reticular cell (of the type described by Scheibel and Scheibel 1958) issues an axon which bifurcates in T ; the ascending branch terminates at the level of a cortical cell (CI-3) in numerous excitatory terminations; the descending branch ends on a motor neuron MN but has only feeble excitatory power. The cortical cells in their turn excite an inhibitory reticular neuron IR, the connections of which are organized in such a way that it may be activated either by two cortical cells or by a cortical cell and an interneuron of a recurrent circuit of re-excitation. Two cases may be considered. That of repetitive stimulation, the impulses of which at once have a maximum voltage, and that of successive impulses of increasing intensity. (a) In the case of stimulation with impulses generally reaching an intensity of 3S, the 3 reticular cells R1, R2 and R3 discharge at time t. At time t+ 1, the motor neuron can discharge if it is simultaneously excited by fibre la. The 3 cortical cells also discharge. At time tf2, IR is excited. If a second impulse of intensity 3s is sent at time t+ 3, R1 and R3 may be the only reticular cells discharging, while R2 is inhibited by the discharge of IR; at time t f 4 , MN cannot discharge. When C1 and C3 are again excited, the system at time t+6, t+9, etc. is found in the same condition as at time tf3. Conclusion: after a phase of disequilibrium due to inertia of the counter-reaction loop, the state of reticular excitation reaches a stable phase which is less high than if the control loop did not exist; this level is sufficient to maintain cortical activation but insufficient for facilitation of motor neurons. (b) Supposing the intensity of impulses were only 2s. RI and R2 discharge at time t; at time t+ 1, MN is not facilitated but CI and C2 are excited. As a result, IR discharges at time t + 2 and only R1 is excitable at time t+ 3. The activity of the loop of re-excitation of IR ensures that only R l is excited
 
 Fig. 11 at times t+6, t+9, etc. In this case, after cortical control, the state of reticular excitation and that of cortical excitation are less than they would be if the impulses of stimulation had 3s intensity. The comparison of results obtained with stimulations of different intensities shows that the state of reticular excitation is less with than without the control loop, but it remains proportional to the intensity of stimulation. (c) Because of the existence of the reticulo-cortico-reticular control loop, the motor effects obtained are different if stimulation is established at once at 3s or if it attains this intensity gradually. When 1s stimulation is applied at time t, R1 discharges; C1 is excited at time t + l , but IR does
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 not discharge, Consequently the second impulse of 2s intensity, applied at time t+ 3, caused discharge of CI and C2 at time t+ 4,-and IR at time t+ 5. At t+ 6, R2 is inhibited and an impulse of 3s intensity applied at that time, cannot discharge anything but R1 and R3. In this case, the inertia of the counterreaction system has been eliminated and M N is never facilitated. The physiological importance of this control mechanism can be readily understood when bearing in mind the difference in sensitivity of the specific mechanisms of reticular discharge. Fig. I 1 was obtained on the basis of the results presented this morning by Professor Dell, which show that feeble reticular stimulations strongly inhibit the flexion reflex afferents I1 and 111, that reticular stimulation of medium intensity produces a long lasting facilitation of corticomotor responses, and that only abrupt stimulation of high intensity transiently facilitates the monosynaptic reflexes (Hugelin 1961). Thelowerpart ofFig. 11 shows thesegmental control of the final common path to flexor and extensor muscles, by the afferent fibres of groups la, I1 and 111; on the right side of the scheme a cortical neuron of the pyramidal system is represented, and an interneuron of the same system. A study of this scheme shows that the polysynaptic flexion reflex is inhibited when a single reticular cell is excited; that the MN/FI can discharge and respond to corticomotor excitation when two reticular cells are excited; and that MN/Fl and MN/Ex are facilitated when three reticular cells discharge. (a) Let us consider the case of stimulation of 3s intensity. R1, R2 and R3 discharge at time t. The flexogenicafferences 11 and 111 are blocked at time t+ 1, At the same time, MN/FI - facilitated by the reticular discharge - can discharge in response to stimulation of the Ia flexor fibre; MNjEx is released from inhibition exerted by the flexion reflex afferences and, because also facilitated, can respond to stimulation Ia’Ext. MN/Fl can also respond to the pyramidal discharge at time t + l or t+2. The entire operation can be regarded as a transfer of active moto-neuron connections by selection of information. But at time t+3, when IR is discharged, R2 is no longer excitable; the result is that, at t+4, the flexogenic afferences are always inhibited; the pyramidal movements are still facilitated but the monosynaptic reflexes no longer are. (b) Now let us consider the case of stimulation by a train of impulses progressively increasing in intensity. At time t, R1 discharges in response to a shock of IS intensity. At time t+ I , only theflexion reflex afferents are altered by the reticular discharge. At t+3, R1 and R2 discharge in response to a 2s stimulation; the flexogenic afferents are inhibited at t f 4 and the corticomotor response is facilitated at t+ 5. At t+6, when IR discharges, a 3s impulse can only excite R1 and R3 in that, because the flexion reflex afferents are inhibited and the corticomotor responses facilitated, the monosynaptic responses are unchanged. Thus it becomes clear that the intervention of a negative feed-back loop modulates the effects of reticular stimulation and is one of the factors of differentiation in the motor neuron behaviour. The reticular discharge effects a transfer of connection by selection of information and the control loop renders this selection sequential. Our conclusion is that the first objection which comes to mind when envisaging the possibility of a unique activating system projecting in both ascending and descending directions onto numerous structures, is that this hypothesis is untenable because such a single system must operate “en bloc”. The introduction of the idea of differential sensitivity of the effectors to the discharge of this structure, however, indicates that this system may be a very flexible one. It is entirely conceivable that the functional flexibility of this unique activating system may be explained by control of its activity by a servo-mechanism. This would automatically and economically effect differentiations in the level of reticular activity thus, in the final analysis, determining the various kinds of possible behaviour. BONVALLET, M. et HUGELIN, A. Influence de la formation reticulaire et du cortex cerebral sur l’excitabilite motrice au cours de l’hypoxie. Elecrroenceph. clin. Neurophysiol., 1961, 13: 270-284. BURES,J., BURESOVA, 0. and FIFKOVA, E. The effect of cortical and hippocampal spreading depression of activity of bulbopontine reticular units in the rat. Arch. ital. Biof., 1961, 9 9 : 23-32. J. E. and LA GRUTTA, G. The effect of selective inhibition of pseudocholinesterase on the DESMEDT, spontaneous and evoked activity of the cat’s cerebral cortex. J. Neurophysiol., 1957, 136: 2040. HUGELIN, A. Integrations motrices et vigilance chez l’encephale isole. 11: ContrBle reticulaire des voies finales communes d’ouverture et de fermeture de la gueule. Arch. iral. Biol., 1961, 99: 244-269. HUGELIN, A. et BONVALLET, M. Tonus cortical et contrdle de la facilitation motrice d’origine reticulaire. J . Physiol. (Paris), 1957a, 49: 1171-1200. HUGELIN, A. et BONVALLET, M. Etude experimentale des interrelations reticulo-corticales. Proposition d’une theorie de I’asservissement reticulaire ii un systeme diffus cortical. J . Physiol. (Paris), 1957b, 49: 1201-1223.
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 HUGELIN, A. et BONVALLET, M. Analyse des post-decharges reticulaires et corticales engendrees par des stimulations Blectriques reticulaires. J. Physiol. (Paris), 1957c, 49: 1225-1234. HUGELIN, A. et BONVALLET. M. Effets moteurs et corticaux d’origine reticulaire au cours des stiniulations somesthetiques. R61e des interactions cortico-rkticulaires dans le determinisme du reveil. J. Physiol. (Paris), 1958a, 50: 951-977. M. Mise en evidence d’un contr6le cortical de l’etat d’excitation reticuHUGELIN, A. et BONVALLET, laire. C.R. Acad. Sci. (Paris), 195813,246: 1738-1741. HUGELIN, A., BONVALLET. M. et DELL,P. Activation reticulaire et corticale d’origine chemoreceptive au cows de l’hypoxie. Electroenceph. clin. Neurophysiol., 1959, I1 : 325-340. M. E. and SCHEIBEL, A. B. Structural substrates for integrative patterns in the brain stem SCHEIBEL, reticular core, in Reticular Formation of the brain, Little, Brown and Co., Boston, 1958: 31-55. SCHLAG, J. L‘activite‘ spontanee des cellules du systPme nerveux central. Arscia, Bruxelles, 1959 : 185 pp. TOWER,S. S. Extrapyramidal action from the cat’s cerebral cortex: motor and inhibitory. Brain, 1936, 59: 408444. W. GREYWALTER: With reference to the scheme of Hugelin we should realise that the change of input signal form could be accomplished by a much simpler passive network, and the time-lag by a delay-line. To prove that an active feed-back pathway really exists -or, in the case of the scheme, is necessary and sufficient is not so easy. However, one of the most satisfactory ways - assuming that we are dealing with a nearly “black box” - would be to alter the time constants of the delay circuit, to see if a condition could be obtained in which the feed-back would become positive with enough gain to establish oscillations. These might be identified with the spindle bursts or another apparently autochthonous rhythm in the brain, in conditions when the cortico-reticular relations are upset. reply to Grey- Walter HUGELIN, It is true that all known oscillatory systems are feed-back systems, but not all feed-back systems are oscillatory.
 
 H. GASTAUT: Dr. Hugelin has offered several physiological and cybernetic data proving the existence of a corticoreticular inhibitory system. For my part I should like to present the following clinical evidence. Any cerebral anoxia - pathological or experimental, in man or in animals and regardless of its cause (anoxic anoxia, toxic, haemorrhagic, ischaemic anoxia, etc.) - first causes slowing and then silence of the cortical electrical activity. Simultaneously with the electrical silence of the cerebral cortex, we always see generalized contraction of the trunk and the limbs, evoking the rigidity of decerebration. A long time ago, well before the experiments of Hugelin, Noell and Donibrowski demonstrated that this rigidity depends on activation of tonigenic reticulospinal structures, electrically translated into activation of electrogenesis in the reticular formation of the brain stem. Also long ago I have reported - on the basis of the experiments and conceptions of H. Jackson - on a reticular “liberation”, by exclusion of a corticoreticular brake, of tonic spasms accompanying all cortical anoxias. I should like to point out once again that convulsions are only bilateral if the cerebral anoxia is bilateral (as in generalized cerebral ischaemia responsible for syncopes). When the anoxia affects only one cerebral hemisphere (as in sylvian cerebral ischaemia associated with some types of circulatory insufficiency), the convulsions are confined to the contralateral side. This suggests that corticoreticular inhibition is crossed - a suggestion which should be verified by animal experiments. NOELL,W. and DOMBROWSKI, E. Cerebral localisation and classification of convulsions produced by severe oxygen lack. School of Aviation Medicine, Randolph Field, Texas, 1947. 0. POMPEIANO:
 
 Your conclusion that stimulation of the mesencephalic reticular formation is able to drive secondarily
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 a phasic ascending bulbar inhibitory control is grounded on the evidence that the cortical arousal elicited by mesencephalic stimulation is more intense and longer lasting after a medial prebulbar section of the brain stem. Judging from your illustrations, the spontaneous EEG background may have changed under the new experimental conditions; in fact the pattern of low voltage fast activity became more prominent after the prebulbar section. Since this section was made acutely, the EEG background changes induced by the lesion indicate that the higher degree of cortical desynchronisation might be the consequence of irritative phenomena, which could account for the more intense phasic arousal obtained after the section. It is true that you reproduced the same phenomenon after local application of novocaine in the caudal medulla, however one should not disregard the possibility that even then a puncture of the medulla together with the local vascular damage which often results from this procedure may cause some irritation. This objection could possibly be avoided by injecting the anaesthetic through a chronically implanted needle in the medulla. A parallel control should also be made by injecting the same volume of Ringer solution into the medulla and studying the effects of this injection on the EEG response elicited by stimulation of the mesencephalic reticular formation. Professor Bremer has suggested that a possible direct connection between the cortex and the motor nuclei of the cranial nerves might explain the corticofugal influence on the monosynaptic masseter reflex. It should be recalled that anatomical evidence of such a direct cortical projection to the cranial motor nuclei is lacking, at least in the cat (Brodal and Walberg 1960). Therefore the impulses from the cerebral cortex to the peripheral motor neurons of the cranial nerve nuclei must be assumed to reach them by way of intercalated neurons of the reticular formation, as suggested by Professor Dell. Anatomical observations have already shown that the reticular formation, which receives abundant corticofugal fibres, contains some cells which give off axons or collaterals to the peripheral motor neurons of some cranial nerve nuclei (Scheibel and Scheibel 1958).
 
 F. Anatomical studies of some corticofugal connections to the brain BRODAL,A. and WALBERG, stem. In: D. B. TOWER and J. P. SCHADB(Editors) Structure and function of the cerebral cortex. Proceedings of the Second International Meeting of Neurobiologists, Amsterdam, 1959. Elsevier Publishing Co., Amsterdam, 1960: 116-123. M. E. and SCHEIBEL, A. B. In: Reticular Formation of the Brain, Intern. Symp. Henry SCHEIBEL, Ford Hosp. Little, Brown and Co., Boston, 1958. W. R. ADEY: The evidence from our experiments does not suggest that the modification of EEG rhythmic patterns in hippocampal structures following subthalamic lesions results from a lack of “arousal value” in the stimulus, due to some “hemianopic” interference with visual pathways as such. The strongest evidence is undoubtedly that after such lesions, either unilateral or bilateral, there appeared to be no interference with classical Pavlovian reflexes, but only with the discriminative aspects of the learned performance. Even at the height of the defect induced by the lesions, these animals unfailingly performed the motor acts initiating the approach whenever the test situation was presented, but failed grossly in the discriminative performance. Moreover, following a unilateral subthalamic lesion, the interference with hippocampal rhythmic patterns was bilateral and symmetrical. Additionally as I have already indicated, there was clear evidence of “downstream” effects following these lesions in midbrain reticular zones which our own and other studies have shown to receive physiological inputs from both amygdaloid and hippocampal areas of the rhinencephalon (Adey 1958; Gloor 1955). In our experiments, chronic subthalamic lesions reduced excitability of midbrain reticular neurons to peripheral stimuli, and evoked potentials in these same areas from sciatic nerve stimulation were similarly reduced in acute experiments. The regular trains of slow waves normally appearing in the midbrain reticular formation during the discriminative performance, concurrently with the theta wave train in the hippocampal system, were abolished by the subthalamic lesions (Adey, Walter and Lindsley, 1962). ADEY,W. R. The organization of the rhinencephalon. In: The Reticular Formation of the Brain. Intern. Symp. Henry Ford Hosp. Little, Brown, Boston, 1958: 621-645. D. F. Effects of subthalamic lesions on learned behavior ADEY,W. R., WALTER,D. 0. and LINDSLEY, and correlated hippocampal and subcortical slow-wave activity. A.M.A. Neurol., 1962,6 : 194-207. GLOOR,P. Electrophysiological studies on the connections of the amygdaloid nucleus in the cat. Electroenceph. clin. Neurophysiol., 1955, 7 : 223-242.
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 H. GASTAUT: If I have understood Dr. Adey correctly he suggests that a subthalamic lesion interferes with the activities of the hippocampus and the reticular formation of the brain stem. I should very much like to know precisely what kind of interference he envisages. Is it a matter of a direct mechanism represented by the interruption of a hippocampo-reticular pathway via the subthalamus, a pathway for which I know of no anatomical proof, or perhaps an indirect mechanism represented by action at a distance from the subthalamic lesion mediated by a perifocal oedema or some other factor?
 
 W. R. ADEYto H . Gastaut: The arrangement of the connections between the hippocampal system and subcortical structures appears from physiological experiments to be somewhat more extensive than the neuroanatomically defined connections which Dr. Gastaut has indicated. It is, however, necessary to think of these connections in terms of both afferent and efferent pathways which reciprocally interrelate hippocampal and subcortical structures. As our previous studies have indicated (Adey, Dunlop and Sunderland 1958), there is convergence from widespread diencephalic and mesencephalic areas on the hippocanipal system. The efferent pathways from the hippocampus descending to mesencephalic levels appear more restricted and form two main streams, one descending through epithalamic and dorsal thalamic structures, and the other running caudally in a more ventral position in the junctional zone between thalamus and hypothalamus. The latter run largely through the subthalamic and adjacent areas damaged in our studies. Amygdaloid influences reaching the globus pallidus (Adey 1959) may also pass through this region to more caudal levels (Johnston and Clemente 1959). It isalso relevant that Eidelberg, White and Brazier (1959) found major alterations in hippocampal evoked potentials following lesions in the nucleus centrum medianum. Our previous studies have provided the first information on the convergence of activity from the hippocampal cortex on the dorsal tegmental areas of the rostra1 midbrain, adjacent to the periaqueductal gfey matter (Adey, Merrillees and Sunderland 1956; Adey 1957). ADEY,W. R. In: Reticular Formation of the Brain. Intern. Symp. Henry Ford Hosp. Little, Brown and Co., Boston, 1957. ADEY,W. R. Recent studies of the rhinencephalon in relation to temporal lobe epilepsy and behavior disorders. lntern. Rev. Neurobiol., 1959, I : 1 4 6 . S. A survey of rhinencephalic interconnections with ADEY,W. R., DUNLOP,C. W. and SUNDERLAND, the brain stem. J. comp. Neurol., 1958,110: 173-204. ADEY,W. R., MERRILLEES, N. C. R. and SUNDERLAND, S. The entorhinal area; behavioural, evoked potential and histological studies of its interrelationships with brainstem regions. Brain, 1956, 79: 414439. E., WHITE,J. C. and BRAZIER,M. A. B. The hippocampal arousal pattern in rabbits. EIDELBERG, Exper. Neurol., 1959, 1 ; 483-490. C. D. An experimental study of the fiber connections between the JOHNSON,T. N. and CLEMENTE, putamen, globus pallidus, ventral thalamus and midbrain tegmentum in cat. J. comp. Neurol., 1959, 113: 83-101. JOHNSON, T. N. and CLEMENTE, C . D. An experimental study of the fiber connections between the putamen, globus pallidus, ventral thalamus and midbrain tegmentum in cat. J. comp. Neurol., 1959,113: 83-98.
 
 P. DELL'S replies
 
 To W. R . Adey Is there not an alternative explanation for your interesting results? If I am right there are incidental observations by H a s and also more recent work by Sprague (personal communication) showing that after lesions located at the niesodiencephalic level, well outside the classical visual pathways, the animal behaves as though it were blind or hemianoptic and does not respond to certain visual stimuli. To be integrated and provoke a response, stimuli (we exclude of course habituated ones) must not only affect the cortical analysers but must also have a reticular effect.
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 To A . Arduini All these experiments were performed on “encephale isole” preparations or on preparations with brain stem section, We have no information on these studied reflexes in free-running animals in which the mechanisms just described surely play a role but might be masked; you will remember that numerous postural and righting reflexes are easy to demonstrate after adequate brain stem section but difficult to observe in normal preparations. Even so you would probably agree that they are an integral component of the postural behaviour of the species studied. Your second question, or rather your suggestion, is not in agreement with known anatomical facts which stress the branching of the pontine reticular neurons and therefore their ability to produce ascending and descending effects simultaneously. Also may I refer you to the original discussions of Hugelin and BonvalIet (1957) where numerous experimental facts are given in favour of the statement that facilitating descending effects and cortical arousal effects arise from the same brain stem structures. A. et BONVALLET, M. etude experimentale des interrelations reticdo-corticales. Proposition HUGELIN, d’une theorie de l’asservissement reticulaire a un s y s t h e diffus cortical. J . Physiol. (Paris), 1957, 49: 1291-1293. To W . Grey Walter (1) We all agree that the word “arousal” may be disturbing when it is applied to immobilised preparations with section of the brain stem or the spinal cord but this word has now been widely used in this sense for many years. In all the experiments just reported this “arousal” was provoked by reticular or sensory stimulations and therefore we believe that the desynchronisation patterns which appeared were not associated with deep sleep but with awakening. To obtain a more quantitativeevaluation of theintensity of cortical arousal we count the rapid waves of the EEG (30 to 70 c/sec); it is a tedious procedure which however was very useful in many instances. (2) Changes in the partial pressure of COZ in the blood affect various central structures and the final picture depends on the mutual interactions of these structures (e.g., reticular formation and the cerebral cortex). COz, as has been shown in our laboratory, activates the brain stem reticular formation, first by its stimulating effects on the carotid chemoreceptors, and also by its direct action on reticular cells and consequently we observe cortical arousal. Moreover, COZintervenes in cortical activity by a direct effect on cortical cells; this has been shown by studying the changes in amplitude of a monosynaptic reflex in animals with and without cortex (Hugelin and Bonvallet 1957). Not much is known about the mechanism of this COZeffect on the cortex. However from the work of Ingvar and Soderberg (1956) it is clear that cortical vaso-dilatation can appear as a consequence of the cortical arousal; in no instance have these authors been able to observe cortical arousal as a consequence of a previous cortical vasodilatation although they carefully investigated this possibility. (3) The braking action of the aroused cortex arises from a11 cortical areas; it is a diffuse effect and does not arise from limited cortical areas projecting to the reticular formation.
 
 A. et BONVALLET, M. etude experimentale des interrelations reticulo-corticales. Proposition HUGELIN, d’une theorie de I’asservissement reticulaire 9 un systeme diffus cortical. J . Physiol. (Paris), 1957, 49: 1291-1293. INCVAR, D. V. and SODERBERG, U. A. A new method for measuring cerebral blood flow in relation to the electroencephalogram. Electroenceph. clin. Neurophysiol., 1956, 8 : 40341 5. To 0. Pompeiuno It seems to me that an injection of novocaine in a brain structure has few chances of inducing irritative phenomena. In most cases, after the injection of novocaine into the bulbar structures, there was no conspicuous change in the cortical tracing as judged by the interval between spindle bursts and the duration and shape of each burst; in a few cases however the cortical tracing was more active. It would be interesting to repeat these experiments in chronic preparations though 1 am afraid that such injections would impair the activity of the respiratory centers. I thank you for reminding us that there are no direct connections from cortical areas to brain stem motoneurone pools. As explained by Hugelin in another part of this discussion in reply to Professor Bremer’s objections, these corticofugal inhibitory effects not only act on monosynaptic reflex arcs but on numerous other responses also, e.g., polysynaptic reflexes, respiratory activity, sympathetic discharges. SO YOU would have to postulate connections between cortex and most of the effector niechanisms; a more economical way of obtaining the same result is that cortex inhibits reticular activity; numerous published experiments substantiate the existence of this cortico-reticular control.
 
 Thalamic Integrations and their Consequences at the Telencephalic Level* D. ALBE-FESSARD
 
 AND
 
 A. FESSARD
 
 Centre d’budes de Physiologie Nerveuse, Centre National rle la Recherche Scientifque, Paris (France)
 
 It has been traditionally assumed for a long time that the associative areas of the cerebral cortex must be the principal, if not the unique, site for central integration of sensory messages. We realize to-day, however, that an important proportion of these integrations are due to the convergence of impulses taking place at the level of the thalamus, or at lower levels. We shall designate this process as a “projected convergence”, when we recognize its characteristic features above the level at which it actually takes place. We propose to describe here some recent results and to present some new ideas on the organization of certain of these systems of afferent integration. Although we have considered the general problem of multisensory integration, we have specially treated here the case of the somesthetic projections evoked by their spinal afferents. These belong to two systems, which are anatomically distinct, the lemniscal system and the extralemniscal system, named also, for their functional properties, discriminative and convergent, a nomenclature which is, in fact, only a manner of reviving the old distinction of Head of “epicritic” and “protopathic”. In a first section (A), we shall examine some integrative aspects presented by diverse, non-primary, telencephalic projections and we shall suggest that they are not necessarily related to primary activities and may depend upon lower integrations. The second section (B) is devoted to the integrations of somatic afferents in the thalamus, as well as to subjacent integrations in the brain stem, which thus give rise to “projected convergence” towards the diencephalon, and then towards the telencephalon. The third section ( C ) considers the thalamo-telencephalic projections of the extra-lemniscal system and finally the interactions which take place between the two systems of afferents at the level of the primary somatic area. A. ASPECTS OF INTEGRATION
 
 AT THE TELENCEPHALIC LEVEL
 
 THE ELECTROPHYSIOLOGICAL EVIDENCE
 
 1. The integrative capacity attributed to the associative cortex has been accepted for a long time as a principle although it had not been demonstrated physiologically. ~
 
 *
 
 ~___
 
 The research reported in this document has been sponsored in part by The Air Force Office of Scientific Research OAR through the European Office, Aerospace Research, United States Air Force. References p . 145-148
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 The first clear indications of a regional convergence (local or projected) of peripherally induced impulses projected upon a common cortical zone were those for area S 11, which is known to receive somatic and auditory afferents; but the true demonstration that common neurons were also implicated dates from occlusion experiments by Bremer, Bonnet and Terzuolo (1954); and for another associative territory, from those of Amassian (1954), who used microelectrodes to record the elementary impulses and showed that in the cat, the cells in the anterior marginal gyrus receive convergent messages which come from diverse regions of the body and also from visual and auditory receptors. To these associative territories, there have been added in rapid succession two suprasylvian zones (anterior and posterior), and also the anterior region of the sigmoid gyrus (the motor area), in which, at first, convergence of somatic afferents
 
 Fig. 1 Cut anesthetized with chlorufose. Hemicortical representation of the principal regions (S I1 excepted) in which activity can be evoked by electrical stimulation of the two anterior limbs (contralateral, a c ; homolateral, ah). [Taken from Albe-Fessard and Rougeul (1 9581, and Jankowska and Albe-Fessard (1961)J.Monopolar recording, indifferent electrode in the frontal sinus. In this and the following figures, a downward deflection corresponds to a positivity of the active electrode.
 
 (Albe-Fessard and Rougeul 1955, 1958) (Fig. l), and later of visual (Fig. 2) and auditory afferents were demonstrated (Buser and Borenstein 1956, 1959; Buser and lmbert 1961 ; Libouban and Jutier 1961). Moreover Bruner and Buser (1960) have described analogous multisensory responses from the medial surface of the cat’s brain. Recently, Jankowska and Albe-Fessard (1961) have provided evidence for another zone of convergence at the S I level near to the primary projection focus of the anterior limb (Figs. 1 and 18). In the monkey, an analogous system of zones of convergence has been described in the frontal and the parietal cortices (Albe-Fessard, Rocha-Miranda and OswaldoCruz 1959). Areas of convergence involving somatic, visual, auditory and olfactory afferents
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 Fig. 2 Total occlusion of a somatic response (first and last trace) by a response to visual stimulation (noiseless white flash), observed at the level of the anterior marginal gyrus (Libouban and Jutier 1961).
 
 upon common neurons have been demonstrated in other telencephalic structures of the cat (Fig. 3) : the caudate nucleus and the putamen (Albe-Fessard, OswaldoCruz and Rocha-Miranda 1960; Albe-Fessard, Rocha-Miranda and Oswaldo-Cruz 1960), the claustrum (Segundo and Machne 1956; Albe-Fessard et al. 1960), and the amygdaloid nuclei and the prepiriform cortex (Segundo and Machne 1956; Wendt and Albe-Fessard 1961). 2. These investigations were made possible by the use of chloralose as an anesthetic. This agent augments the potentials evoked from zones of convergence, whereas the barbiturates reduce them, increase their latency greatly or suppress them entirely. The use of chloralose has provoked some criticism, and the question has been raised as to whether the results obtained under chloralose correspond to a normal
 
 .
 
 100 msec
 
 Fig. 3 Cut anesthetized with chloralose. Convergence recorded in the caudate nucleus at the level of two cells. A, responses of the same element to somatic, visual and auditorystimulation. B, the samecell responds to stimulation of the four limbs and to a cortical stimulation. References D . 145-148
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 function. Responses revealing convergence have been obtained in the awake immobilized animal, without general anesthesia as has been demonstrated by Buser and collaborators (1956, 1958) and Hirsch and collaborators (1961); but the small amplitude of the “associative” evoked potentials and their wide extension indicate a distinct difference between the findings of these authors and the responses observed under chloralose. With several collaborators, we have endeavoured to show that, although chloralose augments associative responses, it is not itself directly responsible for these, but acts only by creating certain favorable conditions which can also be produced by other procedures : (a) At first, because it was suspected that chloralose acted by means of its well known convulsant effect, we have tried other anesthetics. Ether and fluothane have, like the barbiturates, a depressive action. On the other hand, another drug, viadril,* which has no convulsant effects, favors the appearance of associative responses to the same extent as chloralose does (Fig. 4).
 
 v hL aC
 
 ?r-?$f at
 
 20msec
 
 ah
 
 Fig. 4 Cur mesfhetized wirh viudril. Responses recorded at the level of the anterior marginal gyrus ( M A )
 
 and of the posterior suprasylvian gyrus (SSp); stimulation of the two anterior limbs, contra- and homolateral (ac, ah). The results are to be compared with Fig. 1.
 
 (b) Experiments done on the chronic animal have dispelled any remaining doubts, although certain procedural precautions are necessary. The implantation of the electrodes is performed under chloralose, in order to place them exactly at the point of maximal response. Once the animal has recovered, it is observed under unrestrained conditions and in a state of wakefulness. The evoked potentials obtained during the aninzal’s periods of inaftention were of large amplitude in the anterior marginal gyrus (Fig. 5), and in the regions of convergence of the suprasylvian area and of S I. The meagre success of previous attempts to obtain such responses in the nonanesthetized preparation, always maintained under stressful conditions, is certainly explained by the fact that under such conditions it is rare to obtain somnolence OJ simple inattention. Thus, chloralose has been only a convenient means for revealing integrated activities, the physiological reality of which can no longer be doubted. 3. The survey, at the telencephalic level, of regions ofconvergence (local or project* 21- hydroxypregnane-3,20-dionesodium hemisuccinate (kindly provided by Laboratories Pfizer Ltd).
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 Fig. 5 Uwestrained, awake cat. Implanted cortical electrodes, stimulation of the contralateral superficial radial nerve by permanently placed electrodes. Upper trace, primary somatic cortex, low parietal region, relatively silent. Lower trace, anterior region of the marginal gyrus (MA). The electrode was previously placed, under chloralose, at the point at which a maximal convergent potential could be observed. 1 to 5, inattentive animal; 6,7,8,9, 10, note the abolition of the anterior marginal response during the period of alertness which follows a call; 11, 12, the animal is again inattentive.
 
 ed), and the study of their properties, are certainly not yet complete, but we realize that each region possesses certain characteristics which distinguish it from other regions.* This great complexity induced us to limit ourselves here to a consideration of somesthetic integration about which more information is available on the various pathways and relays, from the receptors to the cortex. Some of the integrations which involve the visual or auditory pathways will be considered in this symposium by other authors. We will not discuss the somatic inputs which are distributed to the primary auditory and visual areas. On the other hand, we lack results about the trigeminal inflow and will only briefly allude to the heterotopic convergence which is revealed by the evoked potentials of area S II. In short, rather than attempt a detailed and complete survey of the aspects of integration at the telencephalic level, we shall be concerned with some favorable examples (convergent systems, predominantly somatic, in the suprasylvian and anterior marginal gyrus, as well as the area S I) in order to analyze the modes of realization of this integration, and the relays and pathways implicated. We believe that the principles of this analysis can be applied to the interpretation of integrative mechanisms belonging to other systems. * For instance, as Bruner and Ruser (1961) have recently shown, there are two rather distinct types of non-primary visual projections to the suprasylvian associative cortex of the cat: one corresponding to the two foci of non-somatotopic somesthetic projection previously described by one of us (Albe-Fessard and Rouged 1958); the other to two neighboring foci, more specifically visual, and not subject to occlusion by reticular stimulation, as is the projection of the formei type. Ki’fcwmws p 145-148
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 4. According to previous conceptions, the sensory messages which ascend to and converge in the cortical zones of association would have their origins mainly in the primary projection areas. Yet we now know that the responses to peripheral stimulation evoked in the convergent regions of the cerebral cortex, or in the basal ganglia, are not, in general, necessarily dependent upon the integrity of the primary areas. This major fact was first demonstrated in the somesthetic systems by the finding that the ablation of area S I and the motor area in the cat does not suppress, and may even increase, the associative responses (Albe-Fessard and Rougeul 1955, 1958). Ablation of the homolateral visual and auditory areas does not prevent the activation by light or sound of the “associative points” (Buser and Borenstein 1956) and likewise, an extensive cortical ablation does not suppress the multisensory responses of the caudate nucleus (Albe-Fessard, Oswaldo-Cruz and Rocha-Miranda 1960).* These responses of the convergent type are nevertheless subject to a certain control from primary areas, as is demonstrated, for example, by the administration of strychnine or by cooling of these areas (Amassian 1954; Buser and Borenstein 1956), or by responses or occlusion observed in the associative areas by stimulation of a primary area. However, the latency of these responses is too long for a direct transcortical connection. A more reasonable hypothesis is that of a cortical-subcortical-cortical pathway (Albe-Fessard and Gillett 1958). In any event, one is obliged to include the thalamus in these systems of integrative projections. We shall recall first (B) which regions of the thalamus are capable of functioning as relays for these projections and show that these regions are already centers of convergence, direct or projected. Finally (C) we shall consider their efferent projections towards the cortex and basal ganglia.
 
 B. ASPECTS OF INTEGRATION AT THE DIENCEPHALIC LEVEL ANATOMICAL AND ELECTROPHYSIOLOGICAL EVIDENCE
 
 1. The classical anatomical results lead us to conceive of two systems of integrative structures at the thalamic level, the associative nuclei, on the one hand, thus termed because they project to the association areas, after having received their afferents from other nuclei of the thalamus, and, on the other hand, the nuclei of the difSuse projection (or non-specific) system, comprising the intralaminar nuclei and certain midline nuclei. The afferents and efferents of the aspecific nuclei have not yet been determined in a precise way by anatomical methods, but it is commonly admitted that their situation destines them to integrative functions. The same is true for the association nuclei (after the terminology of Walker 1938), sometimes called “integrative nuclei” (terminology of Hassler 1955) or “elaborative systems” (Jasper and Ajmone Marsan 1952). In fact, we shall see that the classical anatomical divisions give us rather incomplete information about the actual distribution of the integrative properties of the thalamus
 
 * At least one exception exists: the somesthetic responses o f the amygdala and the piriform lobe, which are of the convergent type, are suppressed permanently by ablation of S 11 or reversibly by cooling of this area (according to the recent work of Wendt and Albe-Fessard 1961).
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 and that a systematic electrophysiological exploration results in a more highly differentiated functional topography. If one is content with experiments in the field of somatic sensation, and if one then takes the absence of somatotopy as a sign of the capacity for integration (AlbeFessard and Rougeul 1958; Kruger and Albe-Fessard 1960), one can list for the cat the principal nuclei in which heterotopic convergence is observed. The ventro-basal complex retains a somatotopic organization even under chloralose. No responses are obtained from the nuclei of the anterior group, those of the lateral group, the pulvinar and the n. medialis dorsalis. On the other hand the centre median-parafascicular complex, the regions of the nucleus ventralis lateralis (VL) near to the VB complex, the region of the central commissural system which comprises the nucleus centralis medialis, and certain portions of the nucleus reticularis, have response characteristics which recall very closely those of the cortical zones whose responses are of the convergent type. These are, as we shall see later, acceptable candidates for the “integrative” relays for the associative cortical projections. We shall exclude from this report the responses of the system designated the “posterior group”, studied in detail by Poggio and Mountcastle (1960), which, as the stimulation experiments of Knighton (1950)” suggest, seems to serve as the relay for area S IT. We have also observed the same responses in the chloralosed cat; and analogous multisensory responses have been recorded in the zona incerta, the subthalamic nucleus and the red nucleus. Although the current procedure for demonstrating that one structure projects upon another is to stimulate electrically the first and to record the response of the second, we prefer primarily to draw our evidence from a comparison of the properties of a tested thalamic relay with those of the associative regions of the cortex when the two structures are activated by means of peripheral stimulation. These are more natural conditions of activation. Furthermore, direct electrical stimulation of the nuclei would introduce here the complication of the recruiting response, which is of a different nature. 2. Properties common to thalamic nuclei with convergent somatic afferents and association areas of the cortex (a) Latencies The response latencies of these nuclei to cutaneous electric stimulation of a fixed point are always of the same order, e.g., in the experiments of Kruger and AlbeFessard (1960) they are 9.9 to 12.8 msec for stimulation of the extremity of the contralateral or homolateral anterior limb (somewhat longer, 13 - 13.7 msec, for the n. centralis medialis). These values are well above those found for the primary relay (average 4.8 msec). However, they are always less than the response latencies of the associative cortex, these being 13-16 msec for the suprasylvian gyrus under * Actually Knighton concluded that the thalamic source of S I1 is exclusively the posterior segment of the VB complex, but this interpretation is not accepted by Rose and Woolsey (1958), Poggio and Mountcastle (1960). References g. 145-148
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 identical conditions (16.8-18.3 msec for the caudate nucleus, connected with nucleus centralis medialis). Obviously it was necessary first to establish this fact before considering these nuclei as possible relays. (b) Multiserzsory convergence
 
 Most of these nuclei were initially studied for their responses to somatic stimulation although, like the cortical associative areas, they also respond to visual and auditory stimulation. Their exploration by means of microelectrodes (Fig. 6) shows CM
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 Fig. 6 Car onesthetized wirh chloralose. Above: convergent responses observed at the level of a cellular
 
 element in the n. CM (left) and in the n. VL (right). Below: double response of a cell in the n. CM to a brief, natural visual stimulus (Vis) and to a brief cutaneous stimulation (Som).
 
 that the multisensory or heterotopic convergence takes place at the level of the nerve cell with a predominance of convergence of afferent impulses of somatic origin. Of 221 cells studied in the centre median (Albe-Fessard and Kruger 1962) only four were somatotopic.
 
 ( c )Theparallel eflects of anesthetics These effects are the same on the responses of the nonspecific thalamic nuclei and on those of the convergent regions of the telencephalon (cortex and striatum) ;they are enhanced by chloralose and viadril (Fig. 7) and depressed by barbiturates and
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 Fig. 7 Responses of the centre median tocontralateral stimulation (forelimb) in the awake animal prepared under ether, immediately before the injection of viadril (Ev), immediately after the injection of 60 nigikg of it and one hour after this injection (Ev).
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 ether. The recovery cycles established for thalamic and telencephalic convergent structures with chloralose are superimposable (Fig. 8) and differ from those of the specific relays by their longer duration.
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 Fig. 8 Cuts under chloralose anesthesin. Recovery curves for responses (in percentages of amplitude) at the
 
 level of the anterior marginal cortex (CoMA) and the primary somesthetic cortex (CoSI, the two phases, positive and negative, are treated separately), of the centre median (CM), and of the primary relay (VPL). Note the identical development of the curves CoMA and CM, in contrast to the much more rapid development in the VPL and for the positive phase of the response a t S I. Note also the different development of its negative phase, which approaches that of the slow recovery curves characterizing integrative activities.
 
 ( d ) The parallel effects of alertrzess in the unrestrained animal We have seen above that large cortical responses, indicating the effects of convergence, can be recorded in the unrestrained waking animal during phases of non-alertness (inattention). Fig. 9 shows that the thalamic responses with convergent features, recorded in CM and VL, have the same correlation with the state of alertness, monitored by a continuous tracing from the suprasylvian gyrus. Fig. 9 also shows that the response of the specific thalamic relay does not undergo such changes. The hypothesis is thus justified that the amplitude fluctuations of the evoked responses of the associative cortex according to the state of alertness of the animal may be only reflections of amplitude variations in the convergent nuclei of the thalamus. (e)Parallels in theformation of conditioned responses The parallel continues up to the complex operations involved in conditioning. Some experiments along this line have been carried out at our laboratory by G. Lelord with chronically implanted electrodes on cats which were conditioned to sound-electric shock (painless) combinations. 1 t is known that evoked cortical potentials can appear, or can increase in amplitude, in response to the conditioned stimulus alone, after a series of paired stimuli. These electro-cortical conditioned responses provide the striking evidence that associative processes have occurred. Several authors Rrferenres P 145-1 48
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 Fig. 9 Awake cats. Recordings obtained in three animals with chronically implanted electrodes, one in the centre median (CM), one a t the boundary between the n. VPL and the n. VL (VL), one in the VPL itself. Each of these animals had in addition two cortical electrodes. The discontinuous traces correspond to the responses of the deepstructures. Thevertical traces (to be read from below upwards) are from the suprasylvian cortex and make apparent the transition from an inattentive state to a state of alertness. Note that the response of then. C M and the second response (with convergent properties) of the n. VL disappear or are strongly reduced during the state of alertness provoked by a call to a previously unalerted animal. By contrast the first response at the level of the n. VL and the response of the n. VPL seem rather to undergo a slight increase after these calls.
 
 have already shown that the thalamus is implicated in the formation of new connections (Yoshii 1957; Morrell 1960). In connection with our studies of the properties of the various thalamic nuclei, Lelord has shown that whereas the specific relay nucleus (VPL) never acquires the ability to respond to the sound stimulus, the neighboring region in the nucleus ventralis lateralis (VL) is easily conditioned (Fig. 10). Here again, therefore, the cortical indication of “circuit closure” could be only the reflection of convergence at a lower level. The site for this integration is not necessarily thalamic, but may equally well be situated at lower, mesencephalic or bulbar levels (see later).
 
 (f) The parallel effects of posterior column section (see below, 3a) 3. The somatic sensory afferents of thalaniic structures of convergence ( a ) Limiting ourselves to the ascending pathways of the spinal cord, we first wish to emphasize a point of major importance which has been amply confirmed by expe-
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 Fig. 10 Unrestrained awake animal. Electrodes implanted: at the level of the convergence area of the primary somatic cortex (SIC), upper trace for all records; at the level of the n. VL in the immediate vicinity of the VPL, lower trace for all records at the left; at the level of the n. VPL (region of the anterior limb), lower trace for all records at the right. The animal is conditioned to two paired, heterosensory shocks: 1, sound; 2, a non-painful electric shock applied to the superficial radial nerve by permanently placed electrodes. Lef: the two traces of the upper record: first association. The two following traces: in the course of the conditioning. The two lower traces: the conditioning is established, only the sound is presented. Note the occurrence after conditioning ofanample response to sound in the n. VL. Right: in the same animal, after extinction of the conditioning, the thalamic electrode has been lowered into the VPL. The successive traces correspond here also to the first association, to associations in the course of conditioning, and to the application of sound alone, once conditioning has been established. Note that, after conditioning, no response to sound alone appears at the n. VPL level, although this response is clearly visible in the cortical record.
 
 riments in our laboratory: the agerent impulses going to the primary thalamic relay nucleus, and those which reach the structures of convergence of the thalamus, follow separate pathways from the spinal cords upwards. Total transsection of tlie posterior columns does not modify the response of the centre median-parafascicular complex whereas the responses of the ventro-basal complex are considerably reduced (Fig. 11). An experiment analogous to the preceding one has shown that, at the level of the associative cortex, the responses are maintained despite the total disappearance of the primary relay response (Fig. 11). The response of the caudate nucleus is likewise not modified. From this, one can deduce that the integrative centers must receive their somatic inflow essentially by way of the antero-lateral pathways of the cord (commonly termed the spino-thalamic tracts). However, stimulation of the posterior columns provokes responses in the convergence structures. It therefore became necessary to examine this fact more closely. Mallart (1961) was able to show that the response to stimulation of the transsected dorsal columns, raised and placed on electrodes, was not suppressed by another complete transection approximately five segments more rostral. On the other hand, References P. 145-148
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 it was suppressed by a lateral cut of the spinal cord. Hence the fibers found in the dorsal columns which lead to the convergence structures do not ascend in these columns for more than a few spinal segments, at which point they join the anterolateral columns. These fibers were, by the way, described long ago by anatomists (Ram6n y Cajall909; Karplus and Kreidl1914).
 
 Sect. co1.d
 
 -
 
 s.
 
 P=
 
 Fig. I 1 Cut onesthetized with chlorulose. Responses observed in the thalamus at the level of the n. VPL, and then the centrum medianuni and at the cortical level (anterior marginal gyrus), before (records above) and after (four records below) section of the dorsal columns (Sect. col. dors.). Note that the response of the n. VPL has disappeared, whereas the responses of the cortex are unchanged and the response of the n. C M (presented here after the section only) is normal; the middle and lower records were taken 10 niin and 30 min after the section.
 
 Such a separation of the path of convergence and the lemniscal path renders doubtful the existence of abundant collaterals passing from the latter to the multisensory and heterotopic fields of the brain stem (reticular formation) and diencephalon. Indeed, for limb and body afferents (the face being disregarded) this notion of lemniscal collaterals does not seem to have received anatomical support either. The fibers of the dorsal columns do not give off collaterals to the spinal reticular formation (Glees and Soler 1951) or the brain stem (Torvik 1956). The fibers of the medial lemnicus also seem to lack them (Matzke 1951, Marchi method in the cat; Bowsher 1958, silver method in the macaque; see also Scheibel and Scheibel 1958, p.33, who used the Golgi method). With regard to the face, two distinct afferent systems may be also reasonably assumed. i t is, however, difficult to establish evidence for their morphological separation, because of a bifurcation of most of the primary trigeminal fibers, which results in a supply both to the principal nucleus and to the spinal nucleus of the trigeminal nerve. A special investigation of this has yet to be made. It is known that in neurosurgery the spinal fibers are severed to reduce trigeminal pain, but the presence of specifically tactile fibers has also been demonstrated in this bundle (Kruger, Siminoff and Witkovsky 1961). (b) Against the view that there is an absolute separation of the pathways one may cite the anatomical observation that a certain number of fibers which originate in
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 the anterolateral tracts join the lemniscal system without forming synapses in the gracilis and cuneatus nuclei. They project somatotopically on to the specific relay. These fibers, together with the cells in the posterior horns of the spinal cord from which they arise, are generally crossed, but included among them there is a small proportion of direct, ipsilateral fibers (White and Sweet 1955) and also some ipsilateral fibers arising from a redecussation at the bulbar level (Mehler et al. 1960; Bowsher 1961) and in the posterior commissure (Quensel 1898; Bowsher 1957). This system has been called the rzeospinothalamic system (see Mehler 1957), because it is much reduced in marsupials (Clezy et a/. 1961), and is, even in cats, poorly developed, though it develops rapidly in primates. However, even in man, in whom it attains its fullest development, its importance is limited in comparison with that of the medial lemniscal fibers which relay the fibers passing up via the dorsal columns (about 1500 at pontine level, according to Glees and Bailey 1951, in contrast to the large number of lemniscal fibers). Undoubtedly, this is the pathway along which somatotopic ipsilateral impulses fire the ventro-basal complex (Gaze and Gordon 1954, 1955; Poggio and Mountcastle 1960; Perl and Whitlock 1961; Whitlock and Perl 1961). The truly independent afferent system which supplies the convergence nuclei of the thalamus must be clearly distinguished from the one just described. In contradistinction it is now termed the paleospinothalamic system (Mehler 1957). It increases only slightly in the ascending scale of mammals. It thus seems to represent a more primitive projection of somatic sensibility. The fibers of this system synapse in the grey matter of the spinal cord, ascend as crossed and uncrossed fibers and reach the intralaminar nuclei: parafascicularis, centralis lateralis (Mehler 1957; Mehler et al. 1960) and the nucleus reticularis (Getz 1952; Bowsher 1957, 1961). Only a portion of the fibers of the antero-lateral columns directly reach the thalamus, and the majority relay below it. The shortest ones are spino-spinal, but the majority are spino-reticular : they terminate at different levels of the ascending reticular system. The localization of these levels is a task undertaken only fairly recently by anatomists, assisted by electrophysiologists. The latter must also determine whether the relays found at these points are likewise centers of convergence and whether they project to the non-specific thalamic nuclei. If they do, at least some of the integrative action observed at the thalamic level would be only a reflection of properties belonging to a structure at a lower level (projected convergence). The question is of importance for our subject. To answer it, we already have some data which seem sufficiently well established to provide a general idea of the organization of this system (see below, e). Particularly interesting is the microphysiological study made by Wall (1961) of two groups of cells: one in the nucleus gracilis and the other in the dorsal horn of the lumbar region of the spinal cord. Wall showed that the cells at these levels already act as points of convergence for fibers of different types: those in n. gracilis respond only to the largest fibers in the cutaneous nerves; the dorsal horn cells respond as though all types of cutaneous fibers terminated on them. (c) The anatomists have stated that a large part of the fibers with reticular terminaRrfcrencrr n 145-148
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 tions stop at the bulbar level. There they synapse with the cells of the nucleus reticularis gigantocellularis (see Olzewski 1954; and Rossi and Brodal 1957). A smaller number reach the reticular formation of the pons and others finally reach the mesencephalic reticular formation. The first electrophysiological explorations of the brain stem reticular regions with microelectrodes (Amassian and De Vito 1954; Scheibel et al. 1955) immediately revealed the non-specificity of their neurons, the majority responding to afferent impulses of various origins; but it was particularly important to explore the nucleus gigantocellularis of the reticular formation. With Mallart and Bowsher, we have recently done this, using macrophysiological and microphysiological techniques. It then became quite apparent (Fig. 12) that the gigantocellularis is a nucleus which
 
 4{f ,/
 
 ad
 
 Fig. 12 Cut anesthetized with chloralose. Responses recorded at the level of the nucleus gigantocellularis of the bulbar reticular formation (Ret. bulb.) and in the centre median (CM) to stimulation of the four limbs (Bowsher and Mallart, unpublished).
 
 possesses all the convergent properties described by us for the associative regions of the.cortex. It responds to the stimulation of all parts of the body, and probably also to visual and auditory stimulation, and it exhibits the fatigue characteristics which all Convergent structures show. Moreover, it projects to the thalamus.
 
 ?
 
 St.Ret.bulb.+ a C
 
 ?
 
 St. Ret bulb.+
 
 ah
 
 Fig. 13 Cat anesthetized with chloralose. Recording in the centre median. Above: stimulation of the contraand homolateral anterior limbs. Below: the same, but preceded by single shock stimulation (0.5 msec, 4 V) of the bulbar reticular formation.
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 Nauta and Kuypers (1958) have described fibers originating in this bulbar region and terminating in the centre median-parafascicular complex. Stimulation of this nucleus results in marked responses in the centre median (Fig. 13). Lastly, localized cooling of the nucleus selectively suppresses the evoked potentials in the centre median without altering those of VPL. It thus seems to be well established that the bulbar reticular formation constitutes the principal relay of the extra-lemniscal path way leading to the centre median-parafascicular complex. Other relays undoubtedly exist, particularly in the mesencephalic reticular formation. Here our evidence is not so precise. The relay zones have not been adequately identified and the mesencephalo-thalamic projection fibers have not been definitely established anatomically. It is as yet uncertain whether they lie in the reticulo-thalamic or the tegmento-thalamic bundles or, as in Nauta and Kuypers’ experiments (19581, in a diffuse projection “blending inseparably with the massive reticular projections in Forel’s tractus fasciculorum”. Preliminary experiments using stimulation procedures suggest that the nucleus centralis medialis and the convergent zones of VL receive their afferent impulses from the mesencephalic reticular formation. ( d ) It is obvious that thalamic integrations are not limited to those due to inputs of sensory origin. Every convergent nucleus receives information from other parts of both the brain and the thalamus itself and integrates it with that derived from the sensory input. In particular there are important relations from cortex to centre median. These can be demonstrated by cortical stimulation; in the cat, the lowest threshold zones are the motor areas, S I1 and the inferior temporal region (AlbeFessard and Gillett 1961). What are the pathways for this cortical control, and what part does it play? A prolonged discussion on this subject would take us beyond the scope of this report. It should, however, be pointed out that: (i) the distribution of the most active cortical zones resembles that of the zones linked with the mesencephalic reticular formation, in which, because of this linkage, inhibitory effects are exerted on the ascending reticular activating system (Hugelin and Bonvallet 1958); ( i i ) the response to cortical stimulation may be followed by inhibitory effects in the centre median-parafascicular complex (Albe-Fessard and Gillett 1961); (iii) anything that reduces cortical activity contributes to the enhancement of the responses in this nucleus. This last point merits special consideration and other evidence should be considered in addition to the data already presented (effects of chloralose and effects of inattention; see above). Massion and Meulders (1961) were able to show that the evoked potentials in the centre median became as large as under chloralose after extensive ablation of the cerebral cortex and part of the corpus striatum. The same effect is obtained by cooling of the cortex (Massion and Meulders 1961) or by elimination of the reticular formation (“cerveau isolp” preparation). Hence, a predominantly inhibitory control is exerted by the telencephalon on certain thalamic nuclei. Most probably this is not due to a direct connection, but to a retroactive chain, the elements of which remain to be determined. Reference3 p , 145-148
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 The exact intrathalamic organization of the system of convergent nuclei, together with its interconnections remains, likewise, to be determined. Some anatomists, like Mehler, consider the centre median as an integrating nucleus of the second order, at least in its parvo-cellular part (which is important only in the higher mammals). Others (McLardy 1951; Johnson 1961) describe it especially in terms of its distributive connections which bring it into relationship with the associative and non-sensory relay nuclei. (e) Fiber and receptor types. None of the thalamic structures receive messages conveyed by group I fibers, which stem from spindle and tendon receptors. This observation made by Mountcastle et al. (1952) for the primary relays has also been made for the centre median by Mallart (1961). By comparing the action potentials of peripheral nerves with responses in the CM, the latter author was able to show that group I1 fibers from muscle spindles are, likewise, not implicated in the afferents to the CM. On the other hand the rapid ixfibers of cutaneous origin (sometimes called cutaneous group 11) supply the C M as well as the VPL, although the CM response requires a certain degree of convergence. As to the fine fibers of group 111 from muscles or those of cutaneous origin (O), they supply jointly the CM and the VPL (Fig. 14).
 
 5msec
 
 Fig. 14 Animal anestherized wirh cklorulose. Lefr: Responses recorded from the centre median (CM) and the sural nerve (N) to stimulation of the same nerve (of purely cutaneous origin). Note the two peaks of the nerve response corresponding to fiber groups a and 8 (also called cutaneous groups 11 and Ill). Right: The responses of the C M are still present, although the fibers of t h ea group have been blocked by a train of shocks (method of Laporte and Bessou 1959).Different time base for the n. CM (20 msec) and the nerve ( 5 msec) (after Mallart, unpublished).
 
 With regard to the nature of the receptors implicated in the activation of neurons belonging to the different thalamic nuclei and, for each receptor type, the corresponding receptor field, one must first mention the systematic investigations of Poggio and Mountcastle (1960) and, more recently, those of Per1 and Whitlock (1961). These deal essentially with the properties of the ventro-basal complex and the posterior group of nuclei. We have, for our part, attempted to distinguish the properties of the centre-median-parafascicular system and those of the ventro-lateral nucleus from those of the specific relays. To summarise the results, one may say that the majority of the cells of the VB complex are activated by very localized cutaneous stimuli produced by hair bending, light touch or joint movement. On the other hand, the CM and V L neurons respond to stimulation of a n y part of the body; the effective stimulations are pricking and sharp pressure applied to cutaneous or subcutaneous tissue, in short, stimuli which frequently deserve the designation “noxious”.
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 The unit responses of the ventro-basal complex show rapid or slow adaptation which depend on either hair bending or joint movement respectively. In the convergent nuclei adaptation is always rapid ; moreover a single brief stimulus frequently gives rise to a double response which consists of two discharges separated by a long silent interval (See Fig. 6 and Albe-Fessard and Kruger 1962). Noteworthy is the fact that every integrating neuron is characterized by a definite “afferent pattern”, one particular type of stimulus being, as a rule, more effective. Per1 and Whitlock (1961) made the same observation during their study of the receptivity of neurons of the primary nucleus (ventro-basal and posterior group nuclei) activated by spinothalamic afferents. C. THE PROJECTION OF THE INTEGRATED ACTIVITIES OF THE THALAMUS
 
 TOWARDS THE TELENCEPHALON
 
 A considerable number of anatomical and electrophysiological studies have been devoted to the problem of the efferent connections of the non-specific thalamic nuclei. There is no question of discussing these here, in particular because a fundamental difference in methods separates the electrophysiological work of our group from that of most of the earlier authors. Since the classical work of Dempsey and Morison (1943), these authors have almost always used repetitive local stimulation of the non-specific nuclei, taking the so-called “recruiting response” of the cortex as their index; we, on the other hand, have attempted to activate these nuclei by the normal play of their afferent impulses in the hope of obtaining results in closer agreement with physiological conditions. Even when, in our investigations, analytical requirements demanded direct stimulation of a nucleus, this stimulation was always given by isolated shocks which give rise to evoked potentials, the characteristics of which differ markedly from the characteristics of recruiting responses. In fact repetitive stimulation of a convergent structure, such as the centre median, results at the same time in an evoked potential and a series of responses of the recruiting type in associative cortex. However, it is not difficult to realize how contrasting are the characteristics of the two types of responses in their latency, fatigability, sign and topographic distribution. The initial evoked potential of short latency, with a primary positive phase and rapid fatigability, is alone comparable, in terms of
 
 I
 
 -
 
 0.5 sec Fig. 15
 
 Animal anestherized with nenihutul. Repetitive stimulation of the n. CM, recording at the level of the
 
 suprasylvian gyrus. The first shock gives in this instance under nembutal an ample positive response similar to those observed under chloralose, but after a longer latency; the response fatigues immediately and is replaced by recruiting responses, Rcfcrenrra D 147-148
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 its characteristics and distribution of zones of maximum amplitude to the evoked potentials produced by peripheral stimulation (Fig. 15). Despite the numerous anatomical studies devoted to the problem of the non-specific thalamic efferents (see McLardy 1951; Nauta and Whitlock 1954; Hassler 1955; Nashold et al. 1955; and the review by Macchi and Arduini 1957) a great many uncertainties exist and the controversies remain lively. We cannot discuss them here, but only hope that the few electrophysiological observations cited below will help to clarify this difficult probIem. We shall report in succession our results: (1) on thalamo-striatal connections; (2) on projections to the suprasylvian and anterior marginal association areas; and (3) on integrative projections to the primary area S I. We shall be confronted at this level by a special case, that of the important problem of the integrative relationships between the somatotopic projections of the discriminative somatic sensitivity and the non-discriminative projections of the extra-lemniscal system. Let us recall here that Poggio and Mountcastle (1960) have discussed the possibility of a projection of neurons from the posterior group to S 11. Certain cells of the VPL and VPM are also said to project to S I1 (Macchi et al. 1959), a cortical area which Wendt and Albe-Fessard have recently (1961) shown to be a convergent relay for the piriform cortex and the amygdala. 1. Projections to the striatum
 
 Many anatomists have emphasized the importance of the thalamo-striatal efferents especially those of centromedian origin (McLardy 1948; Drooglever Fortuyn and Stefens 1951; Hovde and Mettler 1953; Hassler 1955; Johnson 1961). The connections are said to be direct with the putamen and caudate nucleus. Our electrophysiological observations confirm the projection from CM to putamen with a very short latency; however the direct connection with the caudate nucleus does not arise in the CM but in the nucleus centralis medialis, in agreement with theanatomicalfindings of Cowan and Powell (1955) and Powell and Cowan (1956). The path between the CM and caudate nucleus is undoubtedly poly-synaptic (latencies of 8-10 msec). 2. Projections to the associative areas Local stimulation of the centre median with a single shock leads, after a short latency (2-4 msec) to bilateral responses in the same cortical regions as those which, after peripheral stimulation, develop an evoked association potential (Fig. 16) that is to say, an evoked potential which disappears after coagulation of the centre median. In recent experiments we were able to show that localized cooling of the CM by means of a special probe results in a selective and reversible disappearance of the associative responses in the posterior suprasylvian and anterior marginal zones without noticeable alteration in the response of S I (Fig. 17). The motor area and gyrus proreus are probably inactivated under these conditions, but the experiment remains to be done. We may conclude that at the level of the centre median-parafascicular complex (CM), either fibers of passage or a true relay assure an already integrated projection of information towards the cortical association areas which we have described.
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 Fig. 16 Cut anesthetized with chlorulose. Short latency cortical responses to stimulation of the centre median (0.5 msec, 6 V) as displayed by the various convergent territories of the cortex (after Albe-Fessard and Rouged 1958).
 
 Fig. 17 Cut anesthetized with chlorulose. An illustration designed to show the effects of a reversible block of the centre median on the responses recorded at the level of the primary somatic area (SI) and the anterior marginal gyrus (MA) to stimulation of the extremities of the contra- and homolateral anterior limbs. A probe with a diameter of 1 mm provides, by the expansion of propane, a local cooling of the tissue surrounding the probe tip (Dondey et ul. 1962). It has been placed in the CM (A 7.5, L 3, H 0.5). The path for the approach of the probe is inclined and the brain is entered by the cerebellum, in order to avoid any cortical lesion. At the arrow (1) the cooling is applied and this ends after 140 sec. Note the disappearance of the marginal convergent response, and the persistence of the primary lemniscal response, but also of the second phase of the contralateral potential in S I, and of the principal part of the potential evoked by homolateral stimulation at the same point (see next figure).
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 The most reasonable hypothesis, in our opinion, would be that of a thalamic relay, the CM, which transmits to the cortex ascending messages already integrated (to a certain degree) at the bulbar level. However, we are here opposed by the opinion of the anatomists, who do not recognize a direct ascending linkage between the centre median and the cortex (however, see Nashold et al. 1955). It is true that the latency, although it is brief, is compatible with at least one intermediary relay. The contradictory anatomical findings do not allow us to localize definitely this relay. The nucleus reticularis and the nucleus ventralis anterior have been implicated, but these may contain fibers of passage. The existence of a direct anatomical connection with the corpus striatum (Drooglever Fortuyn and Stefens 1951) and the electrophysiological demonstration of a connection between the CM and the putamen make it necessary to consider whether a striatal detour is involved. 3. Iniegrativeprojection to S I We reported in the first section (A) that a convergent focus had recently been de-
 
 Fig. 18 A and B (see next page) Cut mesfhetized with chloruloAe. Systematic mapping of activity evoked in area S I by stimulation of the contralateral (A) and homolateral forelimb (B). The mapped area is delimited on a diagram of the cortex seen in the lower left. The territories corresponding to the principal types of response are designated by the letters 'i, {j, >!, h, t . Note that as in y (which corresponds to the anterior marginal responses) one observes also in /land 0 bilateral responses which are those of the convergent type o f S 1 (Jankowska and Albe-Fessard, unpublished).
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 Fig. 18 B (legend p. 134)
 
 monstrated at the level of S I (Jankowska and Albe-Fessard 1961). This property has complicated the organization of this area without, however, destroying its essentially somatotopic character. We will try to determine whether this convergence is local or is merely projected. If it is projected, we must find out which thalamic nucleus it arises from and also its possible relations with the primary somatotopic projection. ( a ) Projections of the lemniscal arid extra-lemniscal systems at the level o j S I. We began with the notion that the projections of the lemniscal system were entirely contralateral, while those of the extra-Iemniscal system were bilateral. First, we recorded, from the same point, the potentials evoked by stimulation of either the contralateral or the homolateral anterior limb; we then established and compared the distribution of activities corresponding to the two systems for a given peripheral region. We did not limit ourselves, as the classical charts do, to the points of maximal activity, but we made as complete an inventory as possible of the potentials evoked by stimulation of a given region (Fig. 18A and B). Apart from the classical evoked activity with its initial positive phase, its strict contra-laterality and its areal limitation, we observed under these conditions, widely References p . 145-146
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 distributed projected activities which were bilateral in origin and overlapped with the first. Analogous results were obtained by stimulation of the posterior limbs, except for the shifted focus of primary activity. The field for convergent activities of heterotopic origin is stable and maximal at a point approximately 6 mm medial and at the same anterior level as the maximal somatotopic point of the anterior limb. A complete cartography would show a superimposition on this field of the somatotopic projections of the various body regions the localisation of which varies. Because of the intermingling of the primary and convergence zones, it is difficult to recognize the separate components of the two projection types in a potential evoked by contralateral peripheral stimulation. In order to separate the components of the complex which the evoked “primary” potential is in reality, we have had recourse to the method of heterotopic double shocks. Stimulation of the contralateral anterior limb is preceded by an identical but homolateral stimulation; the homolateral stimulation can then occlude, by its prior presence in the projection system, that phase of the “primary” evoked potential which belongs to the convergent system. Fig. 19 shows, first of all, as might be expected, a complete occlusion of the evoked potential in the anterior marginal gyrus (here called ‘‘y point”) which represents pure, non-primary activity. Occlusion is only partial in the zones in which the potential is due to activation of the primary projection. It is striking that the occlusion involves the negative phase of the evoked potential, which thus seems to have an origin
 
 Fig. 19 Cat anesthetized with chloralose. At the points a, /?,y and 6, indicated in Fig. 18, experiments have been performed which result in an occlusion of a contralateral response preceded by a homolateral stimulation. In the left column, the response evoked by the contralateral stimulus is presented alone; in the right column, the same stimulation is preceded by a homolateral stimulation. Note that in these instances the elements which disappear are the negative phase in 01, a second diphasic positivenegative phase in 6 and the entire response in /? and y.
 
 THALAMIC INTEGRATIONS
 
 137
 
 direrent from that of thefirst phase. It seems to indicate that it depends only on the convergentpathway,* whereas the primary origin of the initial, surface-positive phase is again confirmed. This result agrees with the long established fact (Adrian 1941) that, at the primary cortical level, the recovery time course of the two phases of the evoked potential is quite different. The negative phase recovers more slowly, its duration corresponding to the recovery of a response of the anterior marginal gyrus (Fig. 8). (b) Do the afferent activities of the two systems converge on the same cortical neurons or do they constitute a mosaic of diferent elements? Information obtained by macrophysiological exploration suggests a convergence of the two systems towards common neurons, because a sufficient reduction of the interval between the two shocks (homofollowed by contralateral) affects, not only the negative phase, but also the positive phase of the primary type potential (Fig. 20). It was, however, advisable to make a microphysiological exploration to determine whether it is an occlusion rather than an inhibition. This research was undertaken with the collaboration of Dumont-TyC and Jankowska (Albe-Fessard et al. 1961). Microelectrode penetrations were made as perpendicular to the cortical surface as possible at a point of maximum amplitude for the primary evoked potential of
 
 ac
 
 ahtac
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 Fig. 20 Cat anesthetized with chloralose. Responses recorded in the area S I, stimulation of the contralateral forelimb preceded in the three last lines by a homolateral stimulation. Note the reduction of the positive phase of the contralateralevoked potential when a small interval separates the two shocks.
 
 * This property belongs essentially to the response evoked in a (see Fig. 18). In a slightly posterior region, in E (Fig. 18), another negative component is not occluded. Its origin has not been determined so far. References P. 145-148
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 the anterior or posterior limb (distal parts). Of 56 cells studied in detail for the origin of their afferent projections (mainly in the forelimb region), only two were purely somatotopic, i.e., solely dependent upon the lemniscal system. Of 54 other cells which responded to stimulation of all four limbs, 23 were activated by the extralemniscal system alone; the remaining 31 cells responded both to this and to lemniscal activity. This statistical evaiuation corresponds to conditions which maximize the effects of the extra-lemniscal input, i.e. in our experiments chloralose anesthesia. According to our observations, this is also what happens in an unanesthetized animal which is in a state of lack of alertness.
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 20msec
 
 Fig. 21 Cot unesfhetized with cli1oralo.w. Recording by glass microelectrodes (same conditions for Figs. 22-24). Responses of a cortical cell of the S 1 cortex to stimulation of the four limbs. Note that in ac the somatotopic slow wave at short latency (evoked here by contralateral stimulation) is surmounted by spikes.
 
 To identify these two categories of cells we have relied upon the following criteria: Extracellular unit recordings during contralateral limb stimulation show a short latency negative wave which is a"mirror image" of the positive phase of the surface potential (Figs. 21 and 23). This slow wave represents an excitatory synaptic potential. At its peak several action potentials or spikes (Figs. 21 and 22) frequently appear and these are followed by other, later ones. The first ones do not appear, but the second ones are still present when the stimulation is not in somatotopiccorrespondence with the projection zone under study (e.g., homolateral stimulation). It is, therefore, logical to attribute a double representation, lemniscal and extra-lemniscal, to that neuron. On the other hand, if the contralateral stimulation, appropriately located, does not result in early spikes (Figs. 23 and 24), and the discharge occurs after the slow wave peak only, then the lemniscal activity is absent or insufficient (the recorded slow wave may also arise in neighboring neurons). It then becomes possible to analyze what happens if the effects of the two categories of afferent impulses are made to interact on the same cortical neuron. The duration of an occlusion of two coupled extra-lemniscal impulses lasts a minimum of
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 Fig. 22 A cell which receives its afferents both by the lemniscal and extra-lemniscal pathways (somatotopic projection in this case for the contralateral posterior limb). Left: interaction between two extralemniscal projections. Homo- and contralateral stimulation of the anterior limbs. Right: a response evoked by extralemniscal projections (ah) precedes a response evoked by the two types of projections ( p c ) . Note that the evolution of the occlusion is very different in the two cases; particularly the projection coming from the homolateral forelimb occludes only for a very brief time the lemniscal portion of the projection coming from the posterior contralateral limb.
 
 200 msec, whereas a discharge of lemniscal origin strikingly recovers a few msec after the arrival of an extra-lemniscal impulse, a time course much more compatible with a normal refractory period. Obviously, the two types of convergences do not have the same origin. Because of its temporal properties, which suggest the intervention of an inhibitory process, the first type seems to be related to the type of convergences found in the integrative relays of the spinoreticulothalamic system, from the bulbar reticular formation onwards : it represents a “projected” property which the cortical neurons reflect without themselves participating. On the other hand, it is natural to think that the meeting of the two types of afferent impulses takes place essentially at the corticaI level. The observation of a marked difference between the temporal parameters can only serve to confirm this idea, which is reconsidered in the last paragraph of this paper. ReferQnrPr I?. 14.7-148
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 I\
 
 ?Omroc
 
 ah+ac
 
 ah+ pc
 
 Fig. 23 Above: responses to stimulation of the four limbs from a cell with purely extra-lemniscal afferents. The short latency slow wave is evoked in this case by the posterior limb stimulation (pc). Note that this slow wave is not surmounted by spikes. Below: occlusions produced between responses ah and ac, and also between ah and p c are total for spikes in both cases.
 
 ah+PC
 
 ah+ac
 
 ah+-pc
 
 ahtac
 
 Fig. 24 The same kind of cell as the one in Fig. 23 (i.e. purely extra-lemniscal); occlusions between ah and pc, and also between ah and ac have the same temporal course in both cases. Compare the figure with Fig. 22.
 
 (c) Thalamic and mesencephalic relays of non-specific inputs projecting on S I. The idea immediately occurred to us that the centromedian-parafascicular complex might be also the relay for the converging projections to S I, just as it is for the
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 analogous projections to the association areas. This, however, is not so because stimulation of the centre median does not give cortical responses comparable to those evoked by extra-lemniscal inputs at the level of S I. Moreover, localized cooling of this nucleus does not suppress the primary cortical responses which result from homolateral stimulation. Further, localized stimulation of the VPL produces responses in S I which have all the characteristicsof potentials evoked by stimulation of the limbs (Fig. 25), including their partial occlusion by prior stimulation of a ho-
 
 -"\/-?r"St.VPL
 
 P
 
 +
 
 ah
 
 oc
 
 SbVPL
 
 I
 
 Fig. 25 Cat anesthetized with chloralose. Left: responses obtained at two points of the cortex S I (indicated as 01 and in Fig. 18 A and R) to gross stimulation of the VPL. Right: this same stimulation of the VPL is preceded by a stimulation of the homolateral anterior limb, producing a suppression of the components of the associative type.
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 Fig. 26 Cat a~is~rhetized with chloralose. Recording in the 01- area of S I. Lefr: above, response to a stimulation of the contralateral forelimb (ac); below, this response is preceded by:a homolateral peripheral stimulation (ah). Right: the same stimulation of the contralateral limb is preceded by a stimulation of moderate and fixed intensity (1 msec, 3 V) delivered at the level of the ventro-lateral nucleus l S ) , at the VPL (marked VP 3), then at the boundary of this nucleus and the n. VPL (VP itself (VP l), and finally immediately below the VPL (VP - 1). Note that all of these antecedent stimuli suppress the negative phase of evoked potential, but that only the stimulation delivered to the true primary relay affects the positive phase.
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 molateral limb. It is apparently contradictory that stimulation of the specific relay nucleus results in simultaneous activation of both the lemniscal and the extra-lemniscal systems. Does this mean that their thalamic fields of action are coextensive? In fact, conservative stimulation of this region by means of a gradually lowered bipolar electrode showed that the zone corresponding to the associative phenomena is more extensive than the strictly somatotopic zone (see Fig. 26). At least part of the relay for the convergence responses of S I cortex is located in that part of the nucleus vetitralis lateralis ( V L ) adjacent to the VPL.
 
 -&J+ ac
 
 ah
 
 ac
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 ac
 
 ah
 
 '
 
 "/is-!StRet
 
 ac
 
 StRet
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 Fig. 21 Cat anesthetized with chloralose. Comparison between the effects of stimulation of the mesencephalic reticular formation and of stimulation of the homolateral anterior limb (ah) observed a t two points ( a and a), of the S I cortex. Note that the shapes of the evoked responses are similar, as are the effects of partial occlusion on the two elements of responses to stimulation of the contralateral forelimb (ac), recorded a t the same cortical points.
 
 In this zone and in the nucleus reticularis just below the VB complex, one can demonstrate evoked responses of the associative type, as already indicated ($B), in the chloralosed animal (see Fig. 6) and in the waking animal during periods of inattention (see Fig. 9). In accordance with our practice, we began to look for the lower structure which might constitute the relay for the afferent impulses going to this "associative VL" (our limits of VL being those defined by architectonic criteria and not by functional ones). Experiments in which we stimulated the mesencephalic reticular formation (between planes A 2 and A 4, and L 1 to L 3) enabled us to reproduce on S I all the effects obtained by homolateral limb stimulation. Thus, single shock stimulation of this region leads to the occlusion of all the non-primary evoked potentials and also to suppression of the negative phase of extra-lemniscal origin in the primary evoked potential (Fig. 27). This fact had already been demonstrated by Covian, Timo-Iaria and Marseillan (1961). It may be supposed that the spinoreticulothalamic impulses relaying at this level are the same as those which produce the non-primary activity
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 of the S I cortex. However, we cannot entirely disregard the possibility of stimulation of fibers of passage. Further studies are required to decide between these two possibilities. ( d ) The locus of interaction between the two afferent systems (lemniscal and extralemniscal). The general assumption - supported by so many facts - that the two systems are independent below their cortical projection obviously indicates that their interaction occurs in the cortex. However, Mallart et al. (1961) carried out a microphysiological study at the level of the specific thalamic relay in an attempt to determine whether certain cells might receive some extra-lemniscal afferents despite their undisputable general somatotopic character (see Fig. 28). Of 72 units studied, 59
 
 Fig. 28 Cat under chloralose anesthesia. A schematic distribution of the type of responses from 72 units to natural stimulations condensed on the stereotaxic plane A 9.5. Recording within the n. VPL and in n. VL immediately above VPL. Note the clear spatial separation existing between the group of somatotopic units and that of units devoid of spatial specificity.
 
 responded to specific activations and 55 of these were located in the VPL itself. The other units responded only to non-lemniscal activations and all of these were located in the zone of the VL just above, and adjacent to, the VPL (part of the LP may also be involved). Among the 55 somatotopic cells of the VPL there were 1 1 which also had extra-lemniscal afferents. It was thus shown that 80%of the VPL neurons belonged solely to the lemniscal system, whereas 20% had afferents of both systems converging upon them. In contrast to this, purely lemniscalunits seem to be extremely rare in the S I cortex, under chloralose anesthesia or equivalent normal conditions (see p. 118). Such experimental conditions are different from those in which barbiturate anesthesia is used, and one must not forget that even light doses of barbiturates can suppress responses of extra-lemniscal origin. This seems to be the reason why Mountcastle was justified in concluding from his experiments on S I in cats (in 1957) References P. 145-148
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 and from those done by Mountcastle and Powell (1959) on monkeys, that this area possesses lemniscal properties “to an overwhelming extent” (Mountcastle 1961, p. 432) although he does not deny that it also possesses “a range of functional properties comprising those of both the lemniscal and the spinothalamic systems” (ibid. p. 433). It is thus at the cortical level that the great majority of interactions occur between the two types of afferent impulses into which the different modalities of somesthetic sensitivity are divided. There is reason to believe that an analogous organization exists for the other sensory modalities. Interactions have indeed already been demonstrated between different types of specific afferent impulses of peripheral origin and projections produced by local stimulation of the non-specific thalamus (Jasper and Ajmone Marsan 1952; Jasper et al. 1955; Li, Cullen and Jasper 1956; Akimoto and Creutzfeldt 1958; Jung 1958; Branch and Martin 1958).
 
 Fig. 29 Unrestrained awake animal. Cortical electrodes implanted at the level of area S I and of the anterior marginal cortex. Stimulating electrodes chronically placed on the contralateral superficial radial nerve. The discontinuous horizontal traces represent responses of the primary area to stimulation of the nerve. The continuous vertical trace (to be read from below upwards) is from the anterior marginal gyms and serves to indicate the degree of alertness of the animal. Note the considerable reduction of the evoked potential during the period of alertness which follows a call.
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 One observation which struck us during our experiments on the effects of alertness on evoked potentials seems to be worth mentioning here. It concerns the marked modifications of the primary evoked potential, even of its positive phase (Fig. 29), which depends on lemniscal inputs, while the potentials recorded in the specific thalamic relay nucleus (VPL) did not show such changes (see above Fig. 9). This phenomenon of the attenuation or abolition of the primary evoked potential, already demonstrated by Hernhndez-Pebn and coworkers (see Hernhndez-Pe6n 1960) is therefore not due to a deficit in the lemniscal afferent activity. Presumably it depends on intra-cortical processes which are either occlusive or inhibitory, or both, the origin and deep site of which remain to be discovered. Our study of thalamic integrations has thus led us to a higher level of integrative interactions, taking place in the cortex proper, a subject which is beyond the scope of the present paper.
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 DISCUSSION J. M. BROOKHART:
 
 I should like to congratulate Mme. Albe-Fessard on a very interesting work which was clearly presented. While you were in the process of “dissecting” the evoked response into its two components, one lemniscal in origin, and an extra-lemniscal negative phase, I was reminded of the conclusions arrived at by Spencer and myself. In the study of augmenting, recruiting and spindle waves, we concluded that there were two basically different mechanisms of cortical response. I wonder if you would care to comment on the possibility that there are parallelisms between the two sets of observations. M. CARRERAS:
 
 I was very interested in the observation made by Mme. Albe-Fessard that neurones which receive a somatic input from ipsilateral or bilateral peripheral areas can be found in VPL. As far as I know, analyses carried out in the VPL unit in Dr. Mountcastle’s laboratory, either on slightly anaesthetized or on unanaesthetized animals, none showed such functional properties among many hundreds of neurones recorded. However, such neurones are quite common in the thalamic region lying posteriorly to VPL (posterior group of thalamic nuclei of Rose and Woolsey), a region which seems to project to the second somatic area. We have, in fact, shown that neurones related to ipsilateral or bilateral peripheral receptive fields can easily be found in this cortical area. I wonder if Mme. Albe-Fessard can offer any suggestion regarding this difference between her experiments and those of Mountcastle. This seems to me to be very important and it is possible that it is a disagreement at the strictly observational level. POGGIO, G. F. and MOUNCASTLE, V. B. A study of the functional contributions of the lemniscal and spinothalamic system to somatic sensibility. Central nervous mechanisms. Bull. Johns Hopk. Hosp., 1960, 106: 266-316
 
 MOUNTCASTLE, V. B. Some functional properties of the somatic afferent system. In: W. ROSENBLITH (Editor), Sensory Communications. Wiley and Sons,London, 1961. C. AJMONE MARSAN: Dr. Albe-Fessard should be complimented on her very interesting paper. I would like to obtain some additional information on the following details : A. In her presentation, the nucleus VL of the thalamus has been included among those subcortical structures characterized by non-specific (extra-lemniscal) projections. In my experience, the identification of VL and differentiation between it and VA nucleus is rather difficult; stereotaxic coordinates and histological checking are generally inadequate. I wonder whether some functional criteria were also applied (i.e. delimitation of a specific cortical response produced by VL stimulation) before conclusions were drawn about the rather unexpected part played by a nucleus up to now considered to be only part of the cerebello-rubral and motor cortical mechanisms. B. The latency of the cortical response to CM stimulation was found by Dr. Albe-Fessard to be of the order of 2 4 msec. In our experience as well as in that of most investigators, such latency value has lasted much longer-actually 10times as long (15-45 msec). These long delays were found in both the anaesthetized and in the cerveau isol.4 preparation. The discrepancy appears to be too marked to be ignored. In view of the fact that almost all the present results were obtained in animals under chlora-
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 lose, it seems justified to raise the question of whether this particular type of anaesthesia may be responsible for these unusual findings. The possibility of stimulating fibers which pass through the CM or nearby structures and are characterized by a lower excitability threshold, should also be taken into consideration. C. Finally, in some experiments in which the behaviour of single unit firing was studied with twin stimuli, Dr. Albe-Fessard uses the term occlusion to describe the decrease in number of spikes observed in the test response. i wonder whether this is the correct term.
 
 H. H. JASPER: This extensive series of carefully conducted and controlled experiments has contributed much of precise value to the subject of this symposium. Of particular interest to me was the demonstration of certain rather specific properties of ascending pathways passing through, or terminating in the nucleus centrum medianum, and the fact that this central ascending system is not made up of collaterals from the lemniscal system. This raises a number of questions about the detailed anatomy of the thalamic unspecific system itself and in relation to the results obtained from n. ventralis lateralis. The nucleus centrum medianum is a very complex heterogeneous structure of ill-defined anatomical boundaries, especially in its caudal extent. It contains many fibres de passage. Those of the rubrothalamic system passing through into the nucleus V L and those from the subthalamus to nucleus ventralis anterior are of particular importance to some of the findings just presented. A detailed microscopic study of thalamic electrode sites might do much to clarify the significance of some of these electrophysiological findings. i t is gratifying to find that “chloralose responses” can also be found in an attenuated form in animals with chronic implanted electrodes and without anaesthesia. It may be recalled that the early suppression of “unspecific” responses by barbiturate anaesthesia has been considered to be of particular significance in the attempt to explain the anaesthetic action of such drugs. I wonder if Dr. Albe-Fessard has any explanation for the mysterious form of anaesthetic action of chloralose, in spite of the enhancement of all forms of evoked potentials, specific and unspecific?
 
 G . F. RICCI:
 
 Some of Dr. Albe-Fessard’s interesting findings in the somatic cortex are somewhat similar to the results obtained by Dr. von Euler and myself while working on the auditory system (1958). It may be of interest to recall here that in these experiments it was shown that the shape and polarity of the responses recorded from a “focal” electrode on the primary auditory area can be made to vary merely by moving the stimulating electrode within the medial geniculate body. To us this finding seemed to suggest the existence of two different types of connections between the medial geniculate body and the primary auditory cortex. We know very little about the significance of these two types of connections. There is, however, evidence that surface negative responses evoked by stimulation of the various thalamic nuclei may have something to do with the so-called aspecific cortical mechanisms. If so, then “aspecific” connections may be also represented within “specific” systems, because surface-negative responses can be selectively obtained by stimulation of the specific thalamic nuclei.
 
 EULER,C. VON and Riccr, G . F. Cortical evoked responses in auditory area and significance of apical dendrites. J . Neurophysiol., 1958,21: 231-246.
 
 J. L.O’LEARY: I should like to make the following comment on Ajmone-Marsan’s question concerning latency from the centro-median to the cortex and the statement by Jasper concerning fibers of passage. I have observed, in Nauta preparations after lesions in CM, the radiation into the thalamus of dege-
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 nerated axons; perhaps these could in part be fibers of passage which have not originated from CM neurones. A. ZANCHETII:
 
 It is certainly gratifying to see how well the physiological data presented by Mme. Fessard fit into the picture of ascending anatomical connections to the different thalamic nuclei. However, there is one set of data which I have found somewhat disturbing, in so far as they do not seem to fit into the anatomical frame of reference. This discrepancy refers to a report by Mme. Fessard and Kruger that electrical responses can be recovered from centrum medianum also upon dorsal column stimulation. This is a point upon which I would like to have some more information. With regard to the subject of centrum medianum responses, it should be recalled here that, according to Mehler, Feferman and Nauta (1960), what they call centrum medianum does not actually receive spino-thalamic afferents, while connections from the antero-lateral funiculus of the cord and from the brain stem reach neighboring regions, which are however, according to Jasper and Ajmone Marsan’s Atlas of the diencephalon, included in the centrum medianum. I would therefore like to ask Mme. Fessard whether in her investigations centrum medianurn has been defined following the more restricted or the broader of the above-mentioned definitions.
 
 D. Distribution of responses to somatic afferent stimuli in the KRUGER,L. and ALEE-FESSARD, diencephalon of the cat under chloralose anesthesia. Exp. Neurol., 1960,2: 442-467. M. E. and NAUTA,W. S. H. Ascending axon degeneration following MEHLER,W. R., FEFERMAN, antero-lateral cordotomy. An experimental study in the monkey. Brain, 1960,83: 718-750. H. GASTAUT : I apologize for joining in so late the discussion of the remarkable report by Mme. and M. Fessard. I do so only to underline a technical detail concerning the use of chloralose in the study of evoked potentials. In a work published in 1951, wereported that cerebellar potentials evoked by a flash of light, noise or touch occurred at the same time as those evoked on the frontal cortex, only in chloralose anesthetized animals or in those receiving cardiazol after barbiturate anesthesia. According to the terminology used by us at that time, we viewed them as irradiated potentinis of the non-specific pathways rather than as evoked specific potentials. Likewise in 1951 we observed in our study of cortical excitability cycles that chloralose exerted an effect on the post-excitatory recokeiy time of neurons, which it increased as much as barbiturates did. It also increased the response amplitude as much as cardiazol did, so that paradoxically sleep and convulsions were caused and these were accompanied by irradiated potentials. We therefore concluded that the sensory responses seen in chloralosed animals were non-specific irradiated potentials and we wrote: “It is possible that ignorance of these facts has led many authors to make an erroneous interpretation of the observation made on animals under chloralose, especially with respect to the distribution of sensory potentials and cortico-cortical or cortico-subcortical relationships”. As a result of this, we stopped using chloralose in the study of evoked potentials. Now that Mme. and M. Fessard have shown that all the responses obtained under chloralose can also be obtained in the unanesthetized animal, I believe our fears areno longer justified. Nevertheless 1 would like to hear the opinion of these authors, because they are certainly the most qualified t o speak about this matter. GASTAUT, H., NAQUET,R., BAIXER M. et ROGER,A. Signification de la reponse cCrCbelleuse a la stimulation lumineuse chcz le chat. J. Physiol. (Paris), 1951,43: 737-740. GASTAUT, H., ROGER,Y . ,CORRIOL, J. et NAQUET, R. Etude Clectrocorticographique du cycle d’excitabilitt cortical. Electroenceph. d i n . Neurophysiol., 1951, 3 : 401-428. G . F. Rossi:
 
 I would like to pose you the following two brief questions: 1. You suggested that impulses evoked by peripheral sensory stimulation reach the reticular forma-
 
 152
 
 D. ALBE-FESSARD, A. FESSARD
 
 tion by passing along fibers of the lateral columns of the spinal cord (spino-reticular fibers or “paleospino-reticular” pathway). This view is strongly supported by anatomical findings. As you have pointed out, anatomical studies have shown that the bulk of the spino-reticular fibers end a t the bulbar level (Rossi and Brodal 1957). Have you any physiological evidence t o support this view? What is the latency of the bulbar reticular response to peripheral sensory stimulation? Is it much shorter than the latency of the response of the midbrain reticular formation? 2. Do you know whether there are differences between the electrical potential evoked in the cortex by stimulation of the bulbar reticular formation and those evoked by midbrain reticular stimulation?
 
 Ross], G. F. and BRODAL, A. Terminal distribution of spinoreticular fibers in the cat. Arch. Neurol. Psychiat. (Chic.), 1957,78: 439453. J. C. ECCLES: I was particularly interested in the depressed responses that were observed a t quite long intervals after various conditioning stimuli. The depressions of some hundreds of milliseconds in duration could be due to presynaptic inhibition. This would certainly be likely when both the conditioning and the testing stimuli were applied to the skin of the ipsilateral and contralateral limbs.
 
 H. W. MAGOUN: Has Mme. Albe-Fessard made any observations which might indicate that the thalamic units which discharge in such striking correspondence with potentials evoked by lemniscal and extralemniscal afferents, discharge also in relation to the later spindle-burst waves which are often triggered by afferent stimuli? Monnier has differentiated a non-specific thalamo-cortical system for the spindleburst mechanism with properties different from other thalamo-cortical systems. Do any of the thalamic units which fire during the evoked potentials which Albe-Fessard has studied so elegantly, fire also during spindle-burst waves?
 
 F. BREMER: 1would have liked to have intervened earlier during the discussion of the report, so rich in experimental data, of our colleagues the Fessards. I was prevented from doing so by the inscriptions made in advance, which testifies in any event to the attention which their communication has provoked. Also, should I limit myself to comment on one fact that struck me particularly by reason of my interest in all the problems of cerebral wakefulness? This fact is the contrast between the depression of the sensory response of the centre median during this wakefulness, and the resistance of the specific relay nucleus of the thalamus. Everything happens, it seems to me, as if the centre median owed, as does the cortex, this sensitivity to wakefulness to the fact that it acts as an integrating structure in which non-specific inputs and disparate specific inputs converge and are mutually occluded.
 
 0.POMPEIANO: Because you recorded in your experiments associative responses from the CM by applying a painful stimulation (a pin-prick), one may think that the volleys conducted by the fastest cutaneous afferents, which are not concerned with pain sensation, do not reach the associative centers. It would be surprising indeed if association occurred only for painful sensations. It may happen that even the largest cutaneous afferent fibers project to the associative centers, but spatial and/or temporal summation is required in order to activate the CM. A second question which I would like to ask you is whether, in addition to stimulating pure cutaneous nerves like the superficial radial nerve, you also tried to stimulate pure muscular nerves in order to elicit associative responses? If so, which type of muscular afferents was responsible for this evoked activity?
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 D. ALBE-FESSARD’s replies To J. M . Brookhart We have found cells in the cortex belonging to the primary projection system which also receive afferents from the non-specific nuclei of the thalamus. Almost half these neurones receive only afferents of this type, by a pathway whose characteristics differ from those ending in the true association cortex. Thus there are at least two different types of “associative” projections and I wonder whether they may not correspond to the distinction that you and Spencer have made between the “recruiting” and “augmenting” types of response.
 
 To M . Carreras I would like first of all to point out that in the true specific thalamic nucleus (VPL : A 9.5-10.5, according to the Atlas of Jasper and Ajmone Marsan), we have found only an extremely small number of non-somatotopic neurones while we have, on the other hand, found a large number in the S I cortex. This difference between our results and those of Mountcastle appears to be essentially due to the fact that we employ chloralose anaesthesia, which augments the responses of the nonspecific systems. To C . Ajmone Marsan A. I wish first to explain that, when we speak of the position of an electrode in a nucleus, we do not identify this position by the stereotaxic coordinates of the electrode as these are noted in the course of the experiment, but in relation to the reference electrode tracks seen in frozen sections. Having made this clear, we believe that, even if VL is concerned in the transmission of non-specific impulses to the S I cortex, this is not to deny its importance in the relay of impulses from the cerebellum and red nucleus. In our laboratory, Massion and Lelord have recently been studying its activation by impulses relayed from the cerebellum by way of the nucleus interpositus. B. I personally believe that short latency ( 2 4 msec) responses obtained in the cortex after stimulation of CM are found only in small well-defined areas, and that they can easily be missed in unanaesthetised animals, unless they have previously been demarcated under chloralose. Recruiting or non-recruiting responses at longer latency can appear elsewhere, in widespread areas of the cortex, after stimulation of CM. At the moment we are not working on this latter system. We are aware of the possibility of stimulating fibres of passage, but this cannot be got over by using different anaesthetics, even when the responses are of the recruiting type. I should add that we have always applied low stimulating voltages (maximum 4-6 V for a single stimulus of 0.5 msec) and have frequently used concentric electrodes. C. As to the term occlusion, it is certainly not correct, depression and suppression being certainly better. We wish to avoid the term inhibition, because this implies a particular hypothesis with regard to the mechanism of suppression. However, we have reason to believe that these suppressions, when they are of long duration, are due to an inhibitory process (videinfra “To Eccles”).
 
 To H. H . Jasper The site of the electrode tips has always been histologically verified, but we have not been able, for reasons of space, to include photographs of the sections. We may say, however, that the best responses in CM are obtained between the coordinates A 7-8, L 2.5-3, H+ 1 . 5 4 ; this corresponds to a cellular region, although it is, of course, impossible to eliminate the presence of fibres of passage. However, there are even more fibres beyond these limits of CM, but we do not find any response there. Attention should also be called to the fact that these responses, when they are maximal in the awake or thalamic animal, have the same amplitude as they have in animals under chloralose anaesthesia. Thus chloralose does not produce an abnormal amplification of the responses. Work which is now in the process of publication shows that chloralose removes an inhibitory effect of telencephalic origin at the level of CM (see Meulders, Massion, Colle and Albe-Fessard. Electroenceph. clin. Neurophysiol., 1963, I S : 29-38. To G. F. Ricci I have already alluded to the similarity of our results to those of Ricci and von Euler in an earlier publication (Actualitis neurophysiologiques. Masson, Paris, 1961). The region of the medial geniculate body which gives rise to the negative phase of the surface response is perhaps the homologue of that part of VL close to VP which acts as a relay centre for non-specific impulses.
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 To A . Zurrclieiii Your first question is most pertinent and gives me the opportunity to give you orally information which was not presented in my communication. In fact, afferents to CM passing through the dorsal columns appear always to rejoin the antero-lateral columns a t a higher level. As to your second question, about our definition of CM, 1 would like to make it clear that we have always used the term in its widest sense, namely as it is shown in the Atlas of Jasper and Ajmone Marsan. To be more exact, we would prefer to use the expression “centromedian-parafascicular complex”. To H. Gustuuf We believe in fact that, when we use chloralose, we cause an enhancement of the effects of those impulses which ascend in the antero-lateral columns. Without creating new pathways this anaesthetic permits one to study under optimal conditions a system which, in the awake animal, fluctuates in its activity.
 
 To G . F. Rossi We have effectively shown that spino-reticular afferent impulses strongly activate Olszewski’s nucleus giganto-cellularis. The latency of the response (about 10 msec for the contralateral forelimb) is slightly less than that of CM for the same peripheral stimulation. The latency of the midbrain responses is of the same order. We have not yet systematically studied cortical responses to stimulation of the medullary reticular formation. To J. C. Eccles It is highly probable that the long-lasting depression which follows stimulation of every structure in the associative system is due to a true inhibition. We have in fact been able t o observe this depression by itself in the absence of preceding excitation, in unicellular recordings both in CM and in the cortex. But we have no indication of the mechanism of this inhibition.
 
 To G. V. Magoun Although we have not made a systematic study of them, we can say, as a result of our observations, that late trains of rhythmic responses appear sometimes in CM and the associative part of VL, but not in VPL. But it is especially in the S 1 cortex that we have been able to make extra- and intracellular recordings which show that the same units respond, not only to the primary stimulus, but also to each wave of the consecutive train of impulses. To F. Bremer The remark of our colleague, Professor Bremer, is certainly a likely interpretation of our observations.
 
 To 0 .Pompeiano 1 regret that, in the oral presentation, it was not possible to present the findings of our collaborator Mallart, but they are summarized in the text (see p. 130). He has clearly shown that from cutaneous nerves of both groups 11 and 111, impulses reach CM just as well as VPL. From muscular nerves, only those of group 111appear to send impulses to both structures. In the chronic animal, the stimulus which effectively activates CM does not appear to be necessarily unpleasant for the animal. It is therefore necessary, when we are considering the associative projections, to avoid the use of the term “painful sensation”.
 
 Influence of Unspecific Impulses on the Responses of Sensory Cortex S. P. NARIKASHVILI Institute of Physiology, Georgian Academy of Sciences, Tbilisi (U.S.S.R . )
 
 Since the diffuse cortical effects of stimulation of the medial thalamus (Morison, Dempsey and Morison 1941; Morison and Dempsey 1942; Dempsey and Morison 1942a; Morison, Finley and Lothrop 1943), hypothalamus (Murphy and Gellhorn 1945) and brain stem reticular formation were discovered (Moruzzi and Magoun 1949), many more studies have been made of the part played by so-called nonspecific impulses in the elaboration of cortical evoked reactions. A depressive influence of the thalamic nonspecific stimulation (Jasper and Ajmone Marsan 1952; Stoupel 1958; Steriade and Demetrescu 1960; Landau, Bishop and Clare 1961) or brain stem reticular stimulation upon the cortical responses has been observed*. On the other hand, a facilitatory action of nonspecific thalamic activation has also been described**. At the same time some authors failed to find any influence upon the cortical primary responses by stimulation of the thalamic nonspecific structurest or of the brain stem reticular formationtt. Such various and often contradictory, or at least not quite definite, results impelled us to study the question in detail. This was done by my collaborators Drs. E. S. Moniava, D. V. Kadjaia, S. M. Butkhusi and myself, as reported in the following pages.
 
 *
 
 Moruzzi and Magoun 1949; Bremer and Bonnet 1950;Gellhorn1953;Bremer 1953,1954;Gauthier Parma and Zanchetti 1956; Nakao and Koella 1956; Hernandez-Peon, Guzman-Flores, Alcaraz and Fernandez-Guardiola 1957; Desmedt and La Grutta 1957; BuserandBorenstein 1959; Schoolman and Evarts 1959; Appelberg, Kitchell and Landgren 1959; Long 1959; Horn and Blundell 1959; Bremer and Stoupel 1959; Horn 1960; Naquet, Regis, Fischer-Williams and FernandezGuardiola 1960. ** Thalamic activation (Jasper and Ajmone Marsan 1952; Jung and Baumgartner 1955; Creutzfeldt and Baumgartner 1955; Li 1956; Creutzfeldt, Baurngartner and Jung 1956; Jung 1958, 1960; Jung, Creutzfeldt and Grusser 1957,1958; Akimoto andcreutzfeldt 1957,1958;Baumgartner 1958; Creutzfeldt and Akimoto 1958; Grutzner, Grusser and Baumgartner 1958; Long 1959; Creutzfeldt and Griisser 1959; Bremer and Stoupel 1959; Steriade and Demetrescu 1960; Morillo 1961) and reticular or hypothalamic activation (Gellhorn, Koella and Ballin 1954, 1955; Nakao and Koella 1956; Dumont and Dell 1958,1960; Bremer and Stoupel 1959; Long 1959; Mancia, Meulders and Santibafiez 1959; Bremer, Stoupel and Van Reeth 1960; Steriade and Demetrescu 1960). f Dempsey and Morison 1942; Jasper 1949; Jasper and Ajmone Marsan 1952; Stoupel 1958. tt Morison, Finley and Lothrop 1943; Moruzzi and Magoun 1949; Moruzzi 1949; Gauthier, Parma and Zanchetti 1956. Xrfcrmces D , 180-183
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 TECHNIQUE
 
 Experiments were performed on cats, with two kinds of preparations according to two experimental procedures. When the influence of thalamic nonspecific nuclei was studied, the experiments were performed on cats under light nembutal(20-25 mg/kg) or chloralose anesthesia. When the influence of reticular formation was investigated, curarized (d-tubocurarine) and “enciphale isoli” preparations were used. Experiments with thalamic nonspeciJc stimulation. The influence of the thalamic nonspecific nuclei upon primary responses (PR) elicited by low frequency (1 per sec, and less) stimuli applied to the skin of the contralateral forelimb or to the specific thalamic relay nucleus (n. ventralis postero-lateralis, VPL) was studied by means of two techniques : either the thalamic nonspecific structures (zona incerta, n. centralis medialis, n. ventralis anterior) were stimulated (0.2-0.5 msec, 5-15 V) at different frequencies (from 8-10 to 100-200 per sec); or the interaction of nonspecific and specific impulses was studied by using paired stimuli (the intervals between conditioning and testing stimuli varied within wide limits, 5-1000 msec). The responses were recorded by means of a mirror oscillograph. Experiments with reticular stimulation. In these experiments, responses of the visual system were used as a test-reaction. The reticular formation (RF) was activated either by direct electrical stimulation using bipolar electrodes inserted stereotaxically at collicular level (diameter of the noninsulated tips, 20-25 microns; interelectrode distance 0.5-1 mm) or by stimulation of the skin of a forelimb (5-20 V, 1 msec). In these experiments the influence of the reticular volleys upon the specific responses was also studied under different conditions: (1) on a background of responses to low frequency (1 per sec and less) or frequent (4-50 per sec) photic stimuli (I msec) acting on both eyes, shortlasting stimulations of the skin or of the mesencephalic reticular formation (MRF) were applied; (2) the shortlasting stimulation of the skin or M R F was added to low or high frequency stimuli applied to different parts of the visual system (optic chiasm (OCh), optic tract (OT), lateral geniculate body (GL), optic radiation (OR)); (3) the first shock of paired repetitive stimuli was applied to M R F or skin, and the second triggered the flash or was applied directly to different parts of the visual path. Square pulses (0.2-1 msec, 3-10 V) at different frequencies and bipolar stimulating electrodes were used. In most instances, the potentials of deep structures were recorded with monopolar derivation; in others, either bi- or monopolar derivations were used, the indifferent electrode being inserted in the frontal bone or in the neck muscles. For recording we used an inkwriter and a two beam cathode ray oscillograph.
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 RESULTS A. THE INFLUENCE OF NONSPECIFIC THALAMIC STIMULATION UPON RESPONSES OF THE
 
 SOMATOSENSORY SYSTEM
 
 1. Repetitive stimulation of the thalamic nonspecijic structures. During nonspecific thalamic stimulation at frequencies of 8-1 %/set a marked facilitation of PR's was observed in favourable cases, and above all when the preparation was in good functional state. More precisely, the primary response, especially its negative component, increased during the waxing phase ( c j Moruzzi et al. 1950), while it decreased during the waning phase (Narikashvili 1957; Narikashvili and Moniava 1957). In Fig. 1 (tracings 2 and 3), it is clear that PR was enhanced during the waxing phase of the recruiting responses, especially in its negative component. During the waning phase, the negative component of PR was markedly decreased (the end of tracing 3). This phenomenon, in particular the enhancement of the amplitude of PR during the waxing phase, was most marked at the beginning of the thalamic stimulation, during the first and second waxing phases.
 
 Fig. 1 The influence of frequent or rare repetitive thalamic nonspecific stimulations on primary responses (PRs). Tracing 1. Upper curve, potentials of somatosensory cortex (peripheral part); lower one, those of central region (region of greatest amplitude for primary responses, PR) during stimulation of the zona incerta (indicated by horizontal line; 10 V, 200/sec, 0.5 msec). Tracings 2 and 3. Same conditions. Through stimulation of zona incerta (5 V, lO/sec, 0.5 msec, indicated by an arrow) recruiting responses are evoked on the background of which PR (especially its negative component) is markedly facilitated. Here and in all following figures an upward deflection corresponds to negativity. Time calibration here and in following figures (except special indications): 20 msec.
 
 When the thalamic nonspecific nuclei were stimulated at a higher frequency(20-40 per sec), in contradistinction to the effects of stimulation at a low frequency (8-12 per sec), the "recruiting" response proceeded without waxing and waning. The amplitude of the waves was maximal from the beginning of the stimulation. Then, during stimulation, they decreased quickly (the higher the stimulation frequency, the quicker the reduction) and disappeared, despite the lasting stimulation. Now, if PR was elicited References a. 180-183
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 at the beginning of the thalamic stimulation, when the waves were high in amplitude, PR was markedly increased; whereas it was reduced if it coincided with the following period, when the waves had become markedly decreased as a result of more or less long lasting repetitive stimulation. In Fig. 2, some examples are presented. Thus tracing 2 in that figure shows that PR was considerably enhanced initially (compare with tracing 1). In one instance the negative component was increased and in the other the positive one was increased. After some time, when the effect of the specific thalamic action had decreased or had almost completely disappeared (the end of tracing 3), PR became markedly depressed in comparison to the responses observed before the thalamic stimulation. This effect is better seen in tracings 4 and 5. At the beginning of the thalamic stimulation (tracing 4), the amplitude of P R was considerably increased. In the course of the stimulation the “recruiting” waves soon became smaller and the amplitude of PR was itself smaller (tracing 5). After the thalamic stimulation had ceased, P R remained reduced
 
 -.
 
 05mV
 
 Fig. 2 The influence of repetitive stimulation of the n. centralis medialis on cortical PR’s. ln all tracings: upper curves, a peripheral region of somatosensory cortex; lower ones, central region. N. centralis medialis is stimulated a t 35-36 per sec (5 V, 1 msec). Tracing I . PR’s before the stimulationofthalamic nonspecific nucleus. Trucings 2-7. PR’s on the background of nonspecific thalamic reaction ( 3 , direct continuation of 2; 5, continuation of 4 (3 sec passed between them); 7, continuation of 6). Tracings 8-9. Same experiment as in tracing 4 and 5, but here the record is presented from beginning to end. Cessation of thalamic stimulation is seen by the end of stimulation artifacts. Details in the text. This experiment has been carried out on the same cat at different times of the experimental day.
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 for some time (the end of tracing 5). The same experiment is reproduced as a whole in tracings 8 and 9. One can see clearly how the amplitude of PR first increased and then diminished in accordance with the cortical reaction to the thalamic nonspecific action. The prolonged depressant after-effect is also evident. This period of consecutive depression coincides with that of the EEG desynchronization. When the slow activity reappeared (right half of tracing 9), the amplitude of PR recovered its initial size (compare with the beginning of tracing 8). Fig. 3 summarizes these results. The facilitatory influence of nonspecific thalamic stimulation upon P R is well seen. It is also clear that PR depends in some way on the phase in which it occurs on the waves elicited by the nonspecific thalamic influence. When PR takes place during the ascending part of a wave, the negative component of PR becomes markedly increased, while the positive component is abolished (tracings 2 and 3). When P R coincides with the crest of the recruiting wave, its negative component is abolished, while its positive phase is considerably increased (tracings 4
 
 Fig. 3 The changes in the cortical PR’s under the influence of repetitive stimulation of zona incerta. In all tracings: upper curves, peripheral part of somatosensory cortex; lower ones, central region. Tracing f. PR’s before the stimulation of zona incerta. Tracings 2 and 3. PR coincides with ascending part of the recruiting wave evoked by frequent stimulation of zona incerta (35-36/sec, 1 msec, 8 V). The amplitudeof its negative component increases, while its positive phase is blocked. Tracings 4 and5. PR coincides with the crest of a recruiting wave: the amplitude of its positive component increases and the negative one is blocked. Calibration of the amplitude, 0.5 mV.
 
 and 5). These effects cannot be explained by pure physical summation of potentials, although to some extent such an assumption could be put forward with respect to the augmentation of the negative component of PR when it coincides with the ascending part of the wave; but it would fail to explain the augmentation of the positive component of PR when the latter coincides with the crest of recruiting wave. 2. Single stimuli applied to thalamic nonspecific nuclei. Experiments with paired stimuli (Narikashvili and Moniava 1959) have shown that a marked facilitation of PR is observed when stimulation of the thalamic nonspecific nucleus (conditioning Referencer p . ian-183
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 stimulus) precedes stimulation of the skin by 40-50 msec. This is shown in Fig. 4A: when the time interval between the conditioning and testing stimuli is large (tracing l), the amplitude of PR remains unchanged; but, when the interval is reduced down to 50 msec (tracing 2), both components of PR become markedly augmented. When the interval between the stimuli applied to the thalamic nonspecific nucleus and to the skin is further reduced, PR is either facilitated (not always to an equal degree), or its
 
 Fig. 4 The influence of single, nonspecific, thalamic, or cutaneous conditioning stimulations on cortical PR elicited by a cutaneous stimulation. Upper curves: potentials of middlesuprasylvian gyrus, lower ones : somatosensory cortex. A , conditioning stimuli are delivered to n. ventralis anterior (15 V, 1 msec), testing stimulus to the skin of the forepaw. In spite of some artifacts, more or less facilitated PR’s are well seen. At short intervals the response to the testing stimulus is not blocked. B, the same conditions of recording. Paired single stimuli are delivered to the contralateral forepaw. The same preparation as in A. From the interval of 50 msec down (tracing 4) the blocking of PR begins,
 
 amplitude remains equal to that observed without thalamic conditioning stimulation. Even down to an interval of 5 msec no reduction of PR was observed in any of these experiments; this suggests that there is no block caused by the conditioning nonspecific volley. When both stimuli were applied to the skin of the same preparation, quite different results were observed (Fig. 4 B). Namely, when the interval between the two stimuli
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 was small, some facilitation of PR (especially of its negative component) was observed (tracings 2 and 3); but, from the interval of 50 msec onwards, the negative component of PR began to diminish (tracing 4). The occurrence of different effects of the two kinds of conditioning stimuli (either nonspecific thalamic or cutaneous) upon the responses to the same testing stimulus (cutaneous) seems to support the idea that the nature of the synaptic connections of the nonspecific and specific fibres with the cortical neurones is different. 3. The part played by the thalami< level in the facilitation of cortical responses. The phenomena described above of the facilitation of cortical specific responses under the action of nonspecific thalamic volleys obviously occur at the cortical level. This follows from the fact that not only are the cortical responses evoked by stimulation of afferent nerves facilitated, but the responses evoked by stimulation of the thalamic relay nucleus are also facilitated. For instance, if stimulation of thalamic nonspecific nuclei is added to cortical PR’s evoked by low frequency stimulations of the n. ventralis postero-lateralis (VPL), the PR’s evoked are considerably altered during the waxing phase of the “recruiting” response (Moniava and Narikashvili 1960). This is seen in Fig. 5 A. 1
 
 hhrw
 
 m
 
 Fig. 5 The modifications of the cortical PR’s under the influence of thalamic nonspecific stimulation ( A ) and under the influence of increasing the intensity of thalamic specific stimulation (B). A, the same conditions of recording as in Fig. 4. N. ventralis postero-lateralis is stimulated by 2 V (0.5 msec, 51 sec) and n. centralis medialis by 5 V (0.5 msec, 8/sec). Tracing 5. Modifications of PR during spontaneous bursts of spindles. B, same preparation. Potentials are recorded from somatosensory cortex. Tracing 1 : N.ventralis postero-lateralis stimulated by 2 V (0.5 msec, 7/sec); tracing2: 3 V, tracing 3: 5 V ; tracing4: 8 V. Details in the text. References P. 180-183
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 In each tracing, the upper records represent potentials from the suprasylvian gyrus, while the lower ones represent those from the somatosensory cortex. In tracing 1, the PR’s in the somatosensory cortex are elicited by supraliminal stimulations of the VPL. Responses consisting of a small positive phase followed by an ample negative potential are clearly seen. Tracing 2 shows the reaction of both cortical areas to low frequency (8 per sec) repetitive stimulation of the thalamic nonspecific nucleus. It is well seen that the waxing phase of the recruiting response occurred at first in the somatosensory cortex and then in suprasylvian gyrus. In the following tracings (3,4) stimulation of VPL as in 1 was tested, and specific responses appeared on the background of the recruiting responses. From these oscillograms it is clear that, some time before the onset of the waxing phase in the suprasylvian gyrus, i.e. simultaneously with the onset of this phase in the somatosensory cortex (compare with tracing 2 ) , the PR’s were doubled and an additional negative wave appeared. PR’s with double peaks were recorded during the whole waxing phase of the recruiting responses in the suprasylvian gyrus, and only at the end of this phase, when the recruiting waves markedly diminish, did they return to their shape, that of a single negative wave (end of tracing 4). Thus the onset phase of the responses with double peaks in the somatosensory cortex coincided precisely with the moment when in this area the waxing phase of the recruiting response was elicited during isolated nonspecific thalamic stimulationses (tracing 2). What is the meaning of such a modification of the responses to the stimulation of the thalamic relay nucleus? Fig. 5 B shows that here the complication of the cortical specific responses shows the facilitation, i.e. an increased reactivity of the cortical neurones to the specific volleys. This figure shows the cortical responses evoked by different stimulation intensities applied to the thalamic relay nucleus. In tracing 1 , a liminal stimulus is applied to the VPL. The response, as in fig. 5 A (tracing I), consisted of an initial weak positive component followed by a single negative potential. When the stimulus was increased to a certain degree (tracing 2), a weak additional negative wave appeared in the response. When the intensity of thestimulation wasconsiderablyincreased (tracing3), a well-marked secondary wave appeared. This response resembled the one evoked during the waxing phase of the recruiting response (Fig. 5 A, tracings 3,4). Finally, when the stimulus intensity was further increased, three waves appeared (tracing 4). Thus, the fact that, during the waxing phase of a recruiting wave, the cortical responses evoked by stimulation of a thalamic relay nucleus appeared in the form of double negative potentials indicates without any doubt that the excitability of the cortical neurones responding to thalamic specific volleys was enhanced. Although the data just mentioned, and also those reported by many other authors, speak in favour of an interaction between nonspecific and specific impulses at cortical level, the close localization of the corresponding nuclei at thalamic level suggests the possibility that interactions occur equally well at this level. To test this idea, experiments were carried out in which modifications of the responses in the thalamic relay nucleus during nonspecific thalamic stimulations were studied (Narikashvili and Moniava 1961).
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 Fig. 6 shows the thalamic response in n. ventralis postero-lateralis (VPL), together with that in the somatosensory cortex, in order that the influence of the recruiting reaction upon these responses can be tested. In most instances we could not detect any marked and regular change of the responses in the thalamic relay nucleus (to the stimulation of the skin) under the influence of the recruiting response. Thus in Fig. 6 some instances (from one experiment) of the facilitation of cortical PR’s are presented without any marked modification of the thalamic responses. In tracing 1 responses before the nonspecific thalamic stimulation are shown; other tracings were obtained during the recruiting response elicited by stimulation of the n. centralis medialis. Approximately the same results were obtained with paired stimuli. 1
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 Fig. 6 The influence of recruiting response upon the PR’s of the somatosensory cortex and of the thalamic relay nucleus. Upper curves: potentials of the n. ventralis postero-lateralis, lower ones : those of somatosensory cortex. Responses are evoked by the stimulation of the skin of the contralateral forepaw. The recruiting response is evoked by the stimulation of n. centralis medialis (8 V, 11-12/ sec, 0.5 msec). In tracing 5, potentials of the suprasylvian gyrus are also recorded (the lowest curve). Below, signal lines indicate the stimulation of n. centralis medialis and time (20 msec).
 
 In rare instances, however, a considerable increase of the response amplitude in the thalamic relay nucleus appeared under the influence of a conditioning stimulus applied to the nonspecific thalamic nucleus. Fig. 7A shows that, when the interval between the paired stimuli was progressively shortened, the response amplitude in the thalamic relay nucleus markedly increased (tracings 5-9). At the same time, when the interval between the stimuli was short, a well-marked additional positive wave appeared (tracings 7-9). If both the conditioning and the testing stimuli were applied to the skin, quite different results were obtained. The results of such an experiment are presented in Fig. 7 B. From this figure it is evident that, when the interval between two cutaneous stimuli was shortened, the response to the testing stimulus progressively diminished (as was expected from B2) and was finally blocked. At the same time, the testing stimulus was followed by a slow wave (tracings 6-9). The shorter the interval, the Rrlrrencsr P. 180-183
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 higher was the amplitude of this wave. In contradistinction to the experiments in which the stimulation of the thalamic nonspecific nucleus was conditioning, this wave was negative. It is difficult to assess the significance of these slow waves of opposite signs, but it is obvious that they reflect different processes.
 
 Fig. 7 The influence of single nonspecific thalamic and cutaneous conditioning stimulations on responses of the n. ventralis postero-lateralis. A , n. centralis medialis (conditioning stimulation) is stimulated by 10 V (0.5 msec). B, paired single stimuli are delivered to the skin of forepaw. Same preparation. Details in the text.
 
 To sum up, we may conclude that the facilitation of the cortical primary responses is mainly conditioned by the direct action of the thalamic nonspecific volleys upon the cortical neurones. The facilitation of thalamic responses observed in rare instances indicates the possibility of an action of nonspecific volleys at the thalamic level. But, when this is observed (in experiments with paired stimuli), the time interval was much shorter than it was for the facilitation of cortical responses. Therefore this action should not be of major importance for the facilitation of cortical responses. 11. THE INFLUENCE OF RETICULAR STIMULATION UPON RESPONSES OF THE VISUAL SYSTEM
 
 1. Changes of responses evoked by light flushes
 
 ( a ) Low frequency lightyushes. If, during the action of low frequency light flashes
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 (1 per sec and less), when evoked potentials are simultaneously recorded in the visual cortex and in GL and a shortlasting activation of R F is produced by tetanic stimulation of the skin, then responses in both structures become markedly depressed (Narikashvili, Moniava and Kadjaia 1960).This is well seen in Fig. 8, which shows the results of several experiments on different animals. The negative phase was mainly depressed, but the positive components were also markedly reduced. Similar results were observed during direct electrical stimulation of the mesencephalic reticular formation.
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 Fig. 8 The influence of afferent activation of RF on responses evoked by rare light flashes. In each tracing (1-4) from top to bottom potentials of GL (l), middle (2) and posterior (3) parts of lateral gyrus are recorded (bipolarly). Signal line indicates nociceptive stimulation of the skin of contralateral forepaw. Details in the text.
 
 A detailed analysis of the reticular effect reveals that in most instances the depression of the responses is more pronounced in the cortex than it is in GL (Figs. 8 and 9). Very often when the cortical responses were considerably depressed, the geniculate responses were slightly reduced or were even not changed at all (Fig. 8). Usually the responses of the optic tract (OT) remained quite unchanged. This latter fact excludes the participation of retinal or pupillary processes (Granit 1955; Hernandez-Peh, Scherrer and Velasco 1956; Hernhdez-Pe6n et at. 1957). Quite infrequently, other correlations have been observed. Cortical responses were, at times, more resistant to the depressant influence of the reticular formation than were those from GL. There were also instances in which the geniculate responses were increased, while the cortical responses became depressed. ( b ) Frequent tight flashes. While reticular stimulation superimposed on low References P. 180-183
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 frequency light flashes ( 1 per sec and less) depressed cortical responses, it exerted an opposite effect when the light flashes were more frequent: the amplitude of the PR’s increased and the responses became more regular (Narikashvili, Butkhusi, Kadjaia and Moniava 1961). Fig. 9 thus shows that, when the flicker frequency was 3 per sec, the characteristic depressive action of the reticular stimulation upon the cortical responses was still well shown, whereas at higher frequencies (5-6 per sec and more) considerable facilitation occurred (tracings 2 and 3), which manifested itself by increased amplitude and regularity of the responses. First of all, the exceptional regularity of the responses was remarkable. The responses followed the frequency of the stimulation. In other words, under the influence of the reticular activation, the ability of the cortical neurones to follow relatively high frequencies of light stimulation
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 Fig. 9 The influence of reticular stimulation on responses evoked by frequent light flashes. I n each tracing from top to bottom are recorded (monopolarly) potentials of: posterior ( I ) and middle (2) parts of lateral gyrus, G L (3). OT (4) and posterior part of suprasylvian gyrus ( 5 ) . Upper signal line, light flashes; lower one, stimulation ofmesencephalic reticular formation (10 V, 1 OOkec, 1 nisec). Trcrciw I , frequency of light flashes, 3/sec; 2, 6/sec; 3, I I/sec.
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 was considerably increased. This occurred mainly at the cortical level, because, when the frequency of the light stimulation was progressively increased, the capacity of the cortex to follow the flicker frequency (during the reticular stimulation) often appeared to be higher than that of GL. While the cortical responses were facilitated, the geniculate potentials were not markedly changed or they were even depressed, particularly at the beginning of the reticular stimulation (tracings 2 and 3). In all these instances, the OT responses were not modified, the role of the eye in these phenomena being thus excluded. When the rate of the light flashes was not too high (5-6 per sec), the facilitatory effect of the reticular formation was equally marked during the whole period of the reticular stimulation (Fig. 9, tracing 2). However, at higher frequencies (10-15 per sec) the reticular facilitation was most marked during a short initial period of the reticular stimulation (Fig. 9, tracing 3). It must be pointed out that the reticular facilitation of the cortical responses evoked by frequent light flashes was observed during the entire duration of the light stimulation, but was especially well-marked some time after the beginning of the repetitive light flashes, when the responses became weaker and irregular due to habituation. The fact that the reticular depression of the responses was more marked in the cortex than in GL (during the low frequency light stimulation) and the fact that the cortical and thalamic responses were altered in different ways in different cases, indicates that the modification of the cortical responses is not conditioned by identical changes in the activity in the whole thalamo-cortical system. These facts seem to show that reticular action takes place separately at each level of the afferent system. At any rate, they indicate that the reticular influence upon the cortical neurones occurs regardless of the influence exerted upon the thalamic relay nuclei. All these data induced us to investigate in detail the reticular influence upon the responses evoked by the electrical stimulation of different parts of the visual pathway. 2. The changes in the responses to electrical stimulation of different parts of the visual pathway ( a ) Low frequency stimulation. If OT or GL are stimulated with low frequency single stimuli (1 per sec and less), and if, on this background, R F is activated (by means of its direct electrical stimulation or by means of nociceptive cutaneous stimulations), the cortical responses become considerably augmented in contradistinction to the effect on responses to infrequent light stimulations (Narikashvili, Moniava and Kadjaia 1960). This is shown by the results of the two experiments presented in Fig. 10. In the first experiment (tracings 1-5) stimulation to GL was submaximal. The cortical responses were evoked irregularly and their amplitude was variable. When nociceptive stimulation to skin was added, the responses became considerably augmented, regular and almost absolutely equal in amplitude. This facilitation outlasted the cutaneous stimulation. In tracing 6, the influence of reticular activation upon the response to subliminal stimulation of GL is shown. Before the nociceptive stimulation no responses were evoked in the visual cortex, or sometimes very weak potentials were observed in response to the stimulation of GL. But during the reticular
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 activation, regular responses appeared at each stimulation of GL. At the beginning of reticular activation, responses were evoked even in the posterior lateral gyrus, in which responses were not evoked in this case even by submaximal stimulation of GL. One of the most characteristic features of the reticular facilitation of the cortical responses evoked by low frequency electrical stimulation applied to the afferent
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 Fig. 10 The influence of reticular activation on cortical responses evoked by rare stimulations of GL. Tracings 1-5 are in direct continuation; from top to bottom are recorded (monopolarly) potentials of: somatosensory cortex (I), middle part of lateral gyrus (2) and suprasylvian gyrus (3). Duration of reticular activation (stimulation of skin 9-l0/sec) is seen by artifacts and responses on a curve of somatosensory cortex. G L is stimulated by 5 V (0.5 msec). In tracing6, same order: suprasylvian gyrus, middle and posterior parts of lateral gyrus. G L is stimulated by 3 V (0.5 msec). Details in the text.
 
 pathway is its longlasting after-effect. Under favourable experimental conditions the shortlasting reticuiar activation (by means of afferent or direct stimulation) gave rise to a longlasting facilitation of the cortical responses to low frequency stimulation of GL (Fig. 10; Fig. 11 C).
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 The duration of the reticular facilitatory after-effects, and also the intensity of this facilitation (as shown by augmentation of amplitude), obviously depend upon the intensity of the reticular stimulation. Weak stimulation of the skin or of RF may not produce characteristic effects ; but, beyond a definite intensity, the fully developed effect was observed. However, most important is the fact that the reticulareffect (both the augmentation of amplitude and the duration of after-effect) depends to some extent also on the intensity of excitation in the afferent system which undergoes the facilitation (Kadjaia, Moniava and Narikashvili 1961).
 
 -
 
 .
 
 ._-_
 
 , . ~, ., _-_.~.. " . . ., . 1~"_._,~ ' " " " " ' " ' " ' ' " " ' ~ " " ' . " . ' . ' ' ' ~ ~ ' ~ ~ ~ ~~
 
 -.
 
 Fig. 11 The duration of after-effect after reticular facilitation at different intensities of stimulation of the visual structure. A . Threshold stimulation. Tracing I : left ( I ) and right (2) middle lateral gyrus, left suprasylvian gyrus (3), left optic tract (4) are bipolarly recorded. Upper signal line indicates the stimulation (2 V, l/sec, 0.5 msec) of left GL, and lower one that of the skin. Tracing 2 : bipolarly are recorded: left (1) and right (2) middle lateral gyrus, left G L (3) and posterior half of left suprasylvian gyms (4). Upper signal line indicates stimulation (4 V, l/sec, 0.5 msec) of opticchiasma and lower one that of the skin. B. Supraliminal stimulation of GL. Tracing 2, direct continuation of tracing 1 ; left GL is stimulated by 4 V. C. Submaximal stirnulation. Tracing 2 and 3, continuation of tracing 1 ; left GL is stimulated by 6 V.
 
 Thus, Fig. 11 shows the result of an experiment performed on the same preparation. GL, or the optic chiasm, was stimulated with stimuli of different intensities and on this background of responses the influence of a uniform optimal reticular activation was tested. If one compares points A, B, C in this figure, one can see that the responses to weak (threshold) stimuli (Fig. 11A) were insignificantly facilitated, an effect which disappeared very soon after cessation of the reticular stimulation. When the stimuli were stronger, the facilitation was more marked and it lasted longer (Fig. 11B). References p . 180-183
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 Finally, when some definite submaximal stimulation of GL was used, the facilitation became still greater and was maintained for a long time (Fig. 11C). But, of course, such a dependency does not go beyond certain limits. When the amplitude of the responses reached its maximum, the facilitatory influence of the reticular activation could not be revealed at all (see also Bremer and Stoupel 1959). From these examples, as well as from previous figures, it is evident that, during unilateral cutaneous or reticular stimulation, facilitation appeared and lasted for a long time, not only i n the central visual area, in which the responses were of maximal amplitude, but also in the peripheral area of the same hemisphere and also in the opposite hemisphere. The same figures show that the responses in GL were also facilitated, although considerably less. Thus, in contradistinction to the cortical potentials evoked in response to rare light flashes, the responses to the rare stimulation of different parts of the visual pathways were significantly facilitated for a long time under the influence of reticular activations. This was not caused by different functional states of the preparation or by any other experimental conditions. As Fig. 12 shows, the responses to light flashes weredepressed
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 Fig. 12 The influence of reticular stimulation on cortical responses evoked by intermittent light stimulation of the eye and electrical stimulation of GL. From top to bottom, middle part of lateral gyrus (I), OT (2) and posterior suprasylvian gyrus (3) are monopolarly recorded. Stimulation of G L ( 5 V, 0.5 rnsec) is indicated by an upper signal line and stimulation of MRF(IOV, 200persec, 1 msec)bya lower line. Tracing 2, continuation of tracing 1 . Light stimulations are indicated by the responses of OT. Details in the text.
 
 under the influence of the reticular activation, while the responses to the geniculate stimulation were facilitated when the light stimulation of the eye and the electrical stimulation of GL were intermittently produced. At the same time Fig. 12 shows that, after the cessation of reticular stimulation, the cortical responses to the geniculate stimulation remained regular and were facilitated for a long time, but gradually decreased to the initial state (tracing 2). At the same time the responses evoked by light flashes remained also depressed for a long time and gradually regained their
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 initial amplitude. It is worth mentioning that, after the reticular stirnulation had ceased, the responses to light flashes, when the latter were produced shortly after the geniculate stimulation, appeared to have been enhanced (marked with crosses). But, during the reticular stimulation (tracing I), the responses to light stimulation were not enhanced, even when they were preceded at the same intervals by stimulation of GL (marked with short horizontal lines). In other words the specific facilitation was not apparent during reticular stimulation. (b) Frequent stimuli. Under the influence of reticular activation the responses to frequent stimuli, like those evoked by rare stimuli, became facilitated. This facilitation, like that observed when frequent light flashes were used, consisted in the enhancement of the amplitude of the responses, the latter becoming regular. However, the most characteristic feature of this reticular facilitation was the regularity of the responses. Notwithstanding the fact that sometimes the amplitude of the responses does not increase under the influence of the reticular activation (or may even decrease) it was shown that they begin to emerge regularly with a constant amplitude, and follow the stimulation rate. The results of an experiment with different frequencies of OT stimulation are presented in Fig. 13. At a frequency of 4 per sec (Fig. 13A, tracing 1) reticular activation facilitated the responses in both the visual cortex and in GL. Rut in the cortex
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 Fig. 13 Reticular facilitation of responses in the visual system evoked by the stimulation of the optic tract (OT). A , in each tracing (1 to 3) from top to bottom posterior ( I ) and middle (2) parts of lateral gyrus, GL (3) and posterior part of suprasylvian gyrus (4) are monopolarly recorded. Upper signal line, stimulation of OT (8 V, 0.5 msec), lower one, stimulation of MRF (10 V, 200/sec, 0.5 msec). B, conditions of recording and stimulation are the same. Details in the text. Referrncer P. 180-183
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 the facilitation was much more marked. At 8 per sec (tracing 2) the same phenomenon was observed, but the difference between the cortical and geniculate facilitatory effects was more significant -the facilitation in the thalamic nucleus being much weaker. At 18 per sec (tracing 3) the facilitation was weaker in all parts of the visual system but was well marked in the posterior suprasylvian gyrus. In addition to this, the predominant influence of the reticular activation upon the regularity of the responses was evident in this case (tracing 3, curve 4). This phenomenon is easily observed in the cortical area (posterior part of the suprasylvian gyrus), in which no responses were evoked before the reticular activation, or they were very weak and irregular. At the same time, the activity evoked in this area and that in the lateral gyrus (tracing 2) show clearly that the reticular facilitation was most marked at the beginning of the stimulation and then decreased gradually. At 30 per sec (Fig. 13B, tracing 1) and 50 per sec (tracing 2), the geniculate responses became more enhanced than the cortical ones, but they did not follow the frequency of stimulation in either the cortex or the GL. In the GL a new regular rhythm appeared (10 per sec) in the form of group discharges consisting of 3-4 waves. Thus, according to the frequency of stimulation, the degree of the reticular facilitation and the ability of neurones to follow the rate of stimulation were both changed. The interrelationships between the cortex and the thalamic relay nucleus were also
 
 Fig. 14 The part played by reticular facilitation in the formation of augmenting responses .Tracing I , left (1) and right (3) middle lateral gyrus, right CL (2) are monopolarly recorded. Left G L is stimulated (5 V, d/sec, 0.5 msec), and stimulation of M R F (15 V, 100/sec, 1 msec) is added (lower signal line). Tracing 2, immediate continuation of tracing I . Details in the text.
 
 INFLUENCE OF UNSPECIFIC IMPULSES
 
 173
 
 changed inasmuch as the degree of facilitation of the responses at both levels was different. Facilitation of reticular origin during the frequent electrical stimulation of the visual pathways, as welt as during frequent light flashes, was observed for all periods of the afferent repetitive stimulations. It was, however, most marked after some time with the repetitive stimulation of the visual pathways when, in consequence of habituation, the responses became smaller and irregular. The features just described of the reticular facilitation of the responses in the visual system (enhancement of the responses, their regular emergence and their ability to follow higher stimulation frequencies) undoubtedly indicated an enhanced excitability of the neuronal elements. Because the augmenting response was conditioned by a progressive recruiting of more and more cortical neurones (due to the progressive increase of excitability with successive stimulations), it may be suggested that the reticular stimulation will favour the onset of this reaction. In contradistinction to some observations (Gauthier, Parma and Zanchetti 1956; Landau, Bishop and Clare, 1961), although not always, this may indeed be observed. Fig. 14 illustrates such an observation. Before the reticular activation, waxing and waning P R s were evoked in response to a slow repetitive stimulation of GL (tracing 1). But, evidently because of an insufficient excitability level of the cortical neurones, the period of waxing is not accompanied by the onset of the augmenting responses (Dempsey and Morison 1943). After the introduction of reticular stimulation (lower signal line at the end of tracing l), an augmenting response became evident. However this response was devoid of its characteristic waxing and waning phases. Then, some time after the beginning of reticular stimulation (beginning of tracing 21, the effect disappeared. DISCUSSION
 
 1. On the characteristic features of the nonspecific facilitation Because the reticular formation, in comparison with the thalamic nonspecific structures, exerts a more significant influence on the cortical neurones, it is appropriate to characterize the features of nonspecific facilitation by referring to the effects of reticular stimulation. ( a ) First of all, in all cases of reticular stimulation one observes some augmentation of the cortical responses evoked by electrical stimulation of the afferent pathways. This augmentation is obviously determined, first, by the higher frequency of discharge of the cortical neurones (Li 1956), which can result in an increase of the surface negative potentials ; and then, by the recruitment of new cortical neurones. This recruitment seems to be conditioned by an increased excitability of the cortical neurones (Li 1956), as well as by their excitation under the influence of reticular impulses (Akimoto und Creutzfeldt 1958 ; Creutzfeldt und Akimoto 1958 ; Jung 1958 and others). ( b ) Simultaneously with the increase of their amplitude, the responses become more regular (cJ Gellhorn, Koella and Ballin 1954, 1955; Li 1956). This is one of the most characteristic features of the reticular facilitation, because, even when the augReferences P. 180-183
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 mentation is not well manifested (during both the rare and the frequent stimulation of the afferent systems), the responses become regular. Sometimes during reticular facilitation the responses happen to increase in an initial period only and may then return to their initial amplitude, b u t their regularity is usually maintained throughout any long-lasting reticular stimulation and even after its cessation. Reticular volleys thus seem to create more favourable conditions for the synchronous activity of the cortical neurones. If, in the absence of reticular stimulation, the level of the excitability of the different neurones in the sensory cortex undergoes considerable fluctuations, which is reflected in those of the PR’s, during the reticular stimulation the excitability level is stabilized for a long time at a definite value. This is why the reticular facilitation is not observed (even with respect to amplitude) when, before reticular stimulation, the responses are already regular (cf. also Gellhorn, Koella and Ballin 1955). Thus, the most suitable background for the occurrence of reticular faciIitation is that offered by irregular responses, as they appear spontaneously or as the result of habituation after continuous rhythmical stimulation of the afferent system. (c) In all instances of reticular facilitation by low frequency stimulation of the afferent pathways, facilitation, although it gradually weakens, lasts a long time, sometimes for many seconds, after the stimulation has ceased. Usually, it lasts as long as the EEG desynchronization produced by reticular stimulation, i.e. the two events are parallel. However, sometimes the reticular facilitation fails, while the EEG desynchronization is observed. But we have never observed the opposite effect, i.e. facilitation of cortical responses without EEG desynchronization. In certain states of the preparation when cutaneous stimulations did not produce a well-marked EEG desynchronization, facilitation of the cortical responses evoked by stimulation of different sites of the afferent pathways never occurred, nor did their inhibition occur when rare light flashes were applied. We can therefore conclude on the basis of our experiments that both these reactions are closely interconnected, although facilitation of the cortical responses is a more vulnerable reaction than is the EEG desynchronization. Perhaps this is the manifestation of different mechanismsaccording to which the ascending activating system exerts its influences (Dumont and Dell 1958, 1960; Horn 1960). (d) If the effect of the reticular stimulation is tested during frequent (more than 15-20 per sec) light flashes or during frequent stimulations of the visual pathways, it appears that the ability of the cortical neurones to follow high frequencies of stimulation becomes greater than it was before the reticular stimulation (cf. also Steriade and Demetrescu 1960; Sislina and Novikova 1961). This is also well shown by microphysiological experiments (Jung 1958; Creutzfeldt and Grusser 1959). This may be caused by a better and more stable synchronization of neuronal discharges as well as by shorter duration of the responses (Bremer and Stoupel 1959). Unlike the facilitation of the responses evoked by low frequency stimulations of the visual pathway, responses to the frequent stimulation (as well as to frequent flashes, i.e. 10-15 per sec and higher) were not characterized by long-lasting after-effects. After the cessation of a brief reticular stimulation, the facilitated responses evoked by frequent stimulations returned almost immediately to the initial level. When reti-
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 cular stimulation lasted a long time, the facilitation of the responses soon decreased, in spite of the maintenance of reticular stimulation. In this sense, one may agree with the conclusion of Dumont and Dell (1960) which limited the optimal effect of facilitation to the first hundred of msec, from the beginning of the reticular stimulation. This is also seen from the facilitating influence of reticular volleys on the development of augmenting responses, seen only at the beginning of the reticular stimulation. The fact that, during the short initial period of the reticular stimulation, the responses appeared or became enhanced in cortical regions (e.g. posterior suprasylvian gyrus), where before the reticular stimulation they were weak and irregular, or were even absent, is in favour of the stronger reticular influence at the beginning of stimulation. These data, together with others concerned with the action of thalamic nonspecific impulses, undoubtedly show that the influence of nonspecific impulses is greatest at the beginning of stimulation of nonspecific structures. However, as for rare stimulation (1 per sec) of GL or OT, responses can be quite equally facilitated throughout the very longlasting continuous reticular stimulation, and after the cessation of the stimulation as well. Sometimes, especially during low frequency repetitive paired stimulations (conditioning stimulus being applied to RF), some repeated stimulations during certain periods were necessary to obtain the facilitatory effect, which increased gradually. 2 . The significance of excitation intensity of the afferent system The fact that increasing the intensity of the reticular stimulation causes a clearer manifestation of the effects is well known. However, the degree of reticular facilitation of the cortical responses depends also to a certain extent upon the intensity of the specific afferent stimulation. This refers to the augmentation of the amplitude, as well as to the maintenance of facilitation for a long time during and after reticular stimulation. The responses evoked by subliminal or threshold stimulations of G L or OT are less augmented and have an after-effect of shorter duration (or no after-effect) than the responses evoked by submaximal stimulation. Because augmentation of the amplitude depends upon the quantity of new recruited neurones, it is clear that the stronger the afferent stimulation (within definite limits) the more new neurones will be recruited during the reticular stimulation and the later the responses will return to their initial amplitudes. The same results have been obtained by Gellhorn, Koella and Ballin (1955) in experiments on hypothalamic facilitation of local strychnine discharges provoked by acoustic stimuli.
 
 3. On the levels of nonspecijic f a c i l ~ t a t ~ o n The ratio between the changes in cortical and subcortical responses may be quite different under various conditions (optic or electrical stimulation of the visual tract, frequency of stimulation, location of the electrical stimulation, etc.). Unlike facilitation of the responses to frequent light flashes, when the responses in the visual cortex and in GL are almost equally facilitated, during an electrical stimulation of the visual path, the degree of facilitation of the cortical and geniculate responses depends to some extent upon the intensity and site of the stimulation of the visual pathway. If the References I. 180-183
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 responses are evoked by a weak stimulation of OT, the facilitation is more apparent in GL than in the cortex. If, under the same conditions of reticular activation, GL is stimulated with low frequency stimuli, the cortical responses are more greatly facilitated than they are when OT is stimulated. The definite part may be played by the intensity factor at these two levels, these being of some importance, as has already been said, for the determination of the degree of reticular facilitation. In particular, during the stimulation of the optic tract, a greater quantity of neurones may be excited in GL than in the cortex, and because of this the facilitation may be better shown in GL than in the cortex. All these facts, as well as the frequent discrepancies between the degrees of reticular facilitation of the thalamic and the cortical responses, suggest that there is no correlation between the facilitatory influences occurring at either level. The facilitatory effect at each level is determined by local conditions, which may change independently in GL and in the cortex in relation to the nature and the site of stimulation of the afferent pathway, as well as with the frequency of its stimulation. The independence of the cortical and the thalamic levels as regards facilitation is also proved by the following fact, which is observed in all tracings of responses to frequent stimulation of the visual pathway: at the beginning of the reticular stimulation, only the cortical responses are considerably facilitated, while the thalamic responses may even be depressed ; facilitation of the thalamic responses occurs later, when the facilitation of the cortical responses diminishes to some extent. The fact that in the cortex the facilitatory effect is maintained, after the reticular stimulation has ceased, for a longer time than in GL, also indicates some independence of the reticular facilitation at thalamic and cortical levels (Narikashvili et al. 1961). To sum up, one may conclude that the reticular influence is exerted independently at the thalamic and the cortical level. The effects are more important and long-lasting in the cortex than in the thalamic relay nuclei. This is why, in accordance with the findings of other authors (Dumont and Dell 1958,1960; Bremer and Stoupel 1959 and others), it may be assumed that the modifications of the cortical responses are mainly due to processes which develop directly at the cortical level. This is proved by the fact that there is facilitation not only of both the responses evoked by the stimulation of GL and OT but also of the cortical responses to the stimulation of the optic radiation (cf. also Bremer and Stoupel 1959; Landau, Bishop and Clare 1961). 4. Characters of the synaptic connections of the specific and nonspecificjbres The data presented above indicate that the connections of the nonspecific fibres with the neurones, at both the cortical and the thalamic levels, which react to the specific impulses, must differ in character from those of the specific fibres with these same neurones (cf. also Brookhart et al. 1957; Smith and Purpura 1958). This is evident, for instance, from the comparison of the effects of these two kinds of volleys in the experiments with paired stimuli. In these experiments the effect of the conditioning stimulus depends on its being applied either to specific or to nonspecific structures. According to the assumption of some authors (Beritoff 1948, 1956; Chang 1956; Akimoto and Creutzfeldt 1958; Landau et al. 1961), one might suggest that the
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 nonspecific fibres terminate only on dendrites (axodendritic synapses). However, apparently their connections are not thus limited, because, after local poisoning of the cortical surface with nembutal, which is supposed to depress only the dendritic activity, facilitation of the positive component of the cortical responses under the influence of nonspecific volleys is completely maintained and even enhanced (Bremer andstoupel 1959). In addition to this, it is known that, under the influence of reticular volleys, the dendritic potentials are usually depressed (Purpura and Grundfest 1957; Purpura 1956, 1958; Landau et al. 1961), although occasionally a light facilitation has been observed (Loeb et al. 1961). From this it follows that, either the negative component of the responses and the dendritic potential evoked by direct stimulation of the cortical surface do not represent quite identical events, or the reticular facilitation which manifests itself in most instances by an augmentation of the negative component of the cortical response, is not related to, and does not depend upon, the action of nonspecific impulses on the dendrites. Apparently, the second assumption and is more correct ( c - Bremer and Stoupel 1959). If it is, it would be possible to speak of axosomatic connections for the nonspecific fibres. The possibility of provoking the discharges of the neuroneundertheinfluence ofnonspecificimpulses(Jungetal. 1957), as well as the facilitation of the positive component of PR (Narikashvili 1957; Narikashvili and Moniava 1957; Dumont and Dell 1958, 1960; Bremer and Stoupel 1959), seem to favour this suggestion. However, some facts seem to contradict it (Li 1956): the relatively long and variable latency of the neuronal discharge (indicating a polysynaptic pathway) evoked by nonspecific stimulation (Creutzfeldt and Baumgartner 1955; Akimoto and Creutzfeldt 1958; Morillo 1961), different types of reactions of the cortical neurones to nonspecificand specific impulses (Jung et al. 1957), and also the weaker ability of the cortical neurones to reproduce the frequency of the nonspecific stimulation (Creutzfeldt and Akimoto 1958). We are thus led to think that the nonspecific fibres do not terminate directly on those neurones to which the specific impulses are addressed, i.e. on the pyramidal cells of HI-IV layers (cf. Li 1956; Jasper 1958; Bremerand Stoupel 1959). The nonspecific fibres, terminating in all the layers of the cortex (Lorente de N6 1951), are probably connected to internuncial neurones which receive the afferent impulses (neurones with short axons : the short pyramids, short spindle-cells, star cells - Lorente de N6 1951). Excitation of these interneurones, in relation to the degree of their activation as well as to the functional state of pyramidal neurones, can increase the excitability, o r under certain conditions can cause the pyramidal neurones to discharge. Apparently this may be accomplished also by electrotonic action. 5. The mechanism of nonspecijic facilitation and depression of cortical responses Interpretations of the facilitatory or depressive influences on different structures are usually based on an increase or decrease of the responses evoked. However, when potentials are recorded with macroelectrodes it is necessary to take into consideration different factors which can mask the true character of the action. An increase of the evoked potentials, particularly of their negative components, under the influence of nonspecific volleys, simultaneously with an acceleration of the neuronal discharges References P. 180-183
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 (Li 1956; Jung et al. 1957) is caused by the recruiting of new neurones (Li 1956; Bremer and Stoupel 1959), but the amplitude of the response also depends on the degree of synchrony of the unit activities taking place in the neurones under the macroelectrode. The coincidence of all the factors which determine the augmentation of the amplitude surely depends upon the level of excitability or, in other words, of “readiness” of all the cortical neurones on which the afferent fibres terminate. It is known that nearly one third of the neurones in the visual cortex are not excited in response to the specific afferent volleys (Jung et a/. 1957). Apparently, this is due to their low excitability, but some neurones may not, under other conditions, respond to the specific volleys, because they are under the influence of impulses from other sources, i.e. from other parts of the nervous system. Neurones, particularly those in the visual cortex, are not separated from other sources of influence and their response is not limited to responses to impulses coming from the retinae. Not all the sources of these impulses are yet known, but there are certain data which indicate that quite various nonspecific and specific impulses (of other origin than from the retina; Jung 1960) do act upon these neurones. Even diffuse illumination and cessation of the retinal activity of the dark-adapted eye may significantly increase the amplitude of cortical responses which are evoked by stimulation of subcortical regions of the visual pathway (Chang 1952; Dumont and Deli 1960; Posternak et al. 1959; Arduini and Hirao 1959,1960; Bremer et al. 1960). In other words, because such complex interactions of afferent impulses from different origins can markedly influence the “readiness” of cortical neurones to respond to adequate volleys, it is not easy to solve unmistakably the problem of the exact significance of the augmentation or reduction of evoked responses which we have analyzed here. Do they indicate real facilitation or inhibition of the cortical neurones? As an example, one may consider the influence of diffuse illumination of the eye on the cortical responses, as it is evoked by stimulation of subcortical parts of the visual path. The augmentation of the cortical responses during diffuse illumination of the eyes was considered as an effect of direct facilitation. It became clear, however, from the findings of Posternak et al. (1959), Arduini and Hirao (1959, 1960), that the augmentation of the responses is conditioned, not by some direct facilitatory influence of diffuse illumination, but by the elimination of an inhibitory or occlusive action, which normally occurs in the cortex under the influence of a steady bombardment from the dark-adapted eyes. Actually it is a case of facilitation, involving more neurones, but its mechanism is different from that which had been earlier proposed. The above considerations must be taken into account when we are trying to understand the opposite effects of reticular excitation on the responses evoked either by light flashes or by direct stimulation of different regions of the visual pathways. The suppression of the cortical responses evoked by rare light flashes is not the result of a direct depressive (inhibitory) action of reticular impulses on cortical neurones, because, in all other instances, even during the action of the same light flashes but at higher frequencies (more than 5 per sec), a facilitatory action is observed, which is manifested, not only by an augmentation of the responses, but also by other signs (regularity of the responses, more rapid succession of the different components of the
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 response; Bremer and Stoupel 1959). How then is the reduction of amplitude of the responses evoked by rare light flashes to be interpreted? In this we share Bremer’s opinion that there is some masking effect, considering it as the most probable mechanism (Bremer and Stoupel 1959). But then how can one explain the facilitation of the responses in the case of frequent light stimulations? Bremer’s suggestion (196 1) seems to be the most suitable explanation of this also. If the volleys generated by low frequency flashes, cannot, because of their asynchrony, overcome the relative refractoriness of cortical neurones receiving reticular impulses, volleys elicited during frequent light flashes arrive at the cortex more synchronously and enable them to recruit more neurones which were “unready to respond”. However, there remain some difficulties regarding this problem which must not be disregarded. Thus, the frequent submaximal electric stimulation of the visual structures, which somehow imitates the reticular influence in the sense that it induces relative refractoriness in the cortical receiving neurones, does not depress the responses to light flashes. Only intensive and high frequency stimulation of the visual pathway exciting probably all the cortical receiving neurones depressed the responses to light flashes (Moniava et al. 1961). But this is not so during the reticular influence. Converging evidence shows that, under the influence of reticular stimulation, only the excitability of the cortical receiving neurones is changed (increased). Only a part of these can be excited (Morillo 1961). Thus the state most similar to the one established in the visual cortex during reticular stimulation (in the sense of refractoriness of receiving neurones) is that obtained during moderate strength and frequency of stimulation of the visual pathways. Under these conditions the cortical responses to light flashes can only be facilitated. However, the imitation of the reticular influence in the way mentioned above has not been quite successful. A different type of experimental method should be sought for a solution of this problem. SUMMARY
 
 1. Under the influence of thalamic unspecific impulses, primary responses of the sensory cortex evoked by peripheral stimulation or stimulation of a thalamic relay nucleus become markedly facilitated. This is observed during the recording of primary responses on a background of recruiting responses, as well as after a single conditioning nonspecific stimulation. It is chiefly the negative component of primary responses that is increased, but the positive component can be increased as well. The facilitation is better manifested at the onset of the nonspecific thalamic stimulation. During Ionglasting stimulation it gradually decreased to complete disappearance, or even to depression. Facilitation takes place mainly at the cortical level. 2. Under the influence of reticular volleys, primary responses in the sensory cortex evoked by stimulation of different parts of the afferent pathways become markedly facilitated. Facilitation is observed during repetitive stimulation of the reticular formation, as well as after single shocks. Cortical responses evoked by frequent adequate stimulation of the receptor also become facilitated, while the responses evoked by rare adequate stimulation of the receptor become depressed. The facilitation is maniRrferrnccr D . 180-193
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 The Tonic Discharge of the Retina and its Central Effects* A. ARDUINI Physiological Institute of the University ofPisa and Neurophysiological Centre of the National Research Council, Pisa (Italy)
 
 INTRODUCTION
 
 Foreword This paper deals with the so-called “spontaneous” activity of the retina and discusses the results of a series of observations made from 1958 to 1961. The research, which dealt with the cortical effects of the tonic retinal discharge, was begun in collaboration with Dr. T. Hirao (Arduini and Hirao 1959, 1960a, b); it was continued in collaboration with Dr. Goldstein on the problem of the retinofugal activity impinging upon the lateral geniculate body (Arduini and Goldstein 1960, 1961 ; Goldstein and Arduini 1961). These aspects were discussed in a review presented at the Symposium on the Physiology of the Visual System held in Freiburg in 1960 (Arduini 1961). Last year our attention was transferred to the eye, and an attempt was made to relate the peripheral aspects of the retinal discharge to the results obtained at the level of the visual pathways and to the effects upon the EEC. Our studies have been concerned with fibre recordings from the optic chiasma with gross electrodes in collaboration with Dr. Pinneo, and from the retinal papilla with semimicroelectrodes in collaboration with Dr. Cavaggioni. This investigation is still under way. However, enough information is now available (Arduini and Pinneo 1961 ; Arduini and Cavaggioni 1961 ; Arduini and Pinneo 1962a, b), to present a rough picture of the behaviour of the retina in dark adaptation and of the changes in the adaptation level brought about by steady illumination. Background of the problem For a full bibliographic account of the so-called “spontaneous” activity of the retina, monographs on this subject (Granit 1947, 1955) should be consulted. The aim of this paper is to deal only with certain aspects of the problem - some facts about which are partly already well known - whose importance in visual and extra-visual functions has been somewhat overlooked. In terms of the electrophysiological evidence (Adrian and Matthews 1927a, b, 1928)
 
 * The researches reviewed in this article have been sponsored jointly by theoffice of Scientific Research of the Air Research and Development Command, United States Air Force, through its European Office,contract No. A F 61(052)-107 and by the Rockefeller Foundation.
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 it seems to be fairly well established that, in vertebrate eyes at any rate, the retina is continuously active, whether or not the receptors receive light. The state of continuous activity raises two problems : 1. how this continuous “rest” discharge changes with light from dark adaptation; 2. how any particular visual message is relayed in the presence of continuous activity. Because microelectrode studies have drawn attention to the events in the first milliseconds following short stimuli, these questions have been mostly left unanswered, although the few observations quoted in the literature give a clue to the solution. It has been reported that synchronized rhythms appear during illumination in the optic nerve of the eel (Adrian and Matthews 1928) and in the optic ganglion of the water-beetle (Adrian 1937). These observations were somewhat misleading and contrasted with reports of the disappearance of the sychronous bursts in the frog and cat optic fibres during illumination (Barlow 1953a; Kuffler 1953). However, the extensive work of Granit, which systematized the observations on frog and cat retinas (Granit 1947, 1955), clearly provides evidence in favour of the major point to be discussed in this paper. To quote directly: “A large number, perhaps most, of the ganglion cells maintains a spontaneous discharge which fluctuates somewhat but in general tends to increase a great deal in dark adaptation” (Granit 1955, p. 84), and again: “It is far more common however, to find light to excite or inhibit the discharge, according to stimulus strength and the nature of the element, with an overall effect of considerable depression of the rate of spontaneous firing in the light adapted state. In light adaptation fewer elements seem to be spontaneously active than in dark adaptation” (Granit 1955, p. 85). Thus, the effects of light at the very onset are clearly stimulating, at least in a large proportion of the retinal elements, whereas sustained illumination, as in light adaptation, produces an over-all depression of the retinofugal discharge. Perhaps these effects would have appeared even more strikingly had observations been conducted for a longer time on each ganglion cell (Granit 1940). This was the principal aim of Kuffler et al. (1957), who followed the behaviour of isolated retinal elements during dark adaptation and under a long-lasting (30-45 min) illumination at different intensities. To these authors we owe the open statement, implicit in Granit’s words, that the behaviour of a given unit under steady illumination is independent of its being an on or an off element. A second finding of these authors is that continuous illumination did not depress the activity of all the retinal ganglion cells, because the firing rate of some elements was actually increasing. Their results are, therefore, a partial answer to the questions we asked before: 1.: in day-light the over-all retinal output is less than in darkness; 2. a number of channels (nerve fibres) is free, or at least less busy, so that more sensory messages can be relayed. Stated in this way the door is open to another series of problems, related to signalto-noise discrimination, absolute and differential thresholds, the origin of tonic activity, dark light, and other psychophysiologically determined phenomena. These problems will be discussed in part in the last section of this paper, together with our own findings. Though these results are helpful, an important aspect of knowledge about retinal function is still missing, namely the aspect concerned with the behaviour of the whole References 8. 201-203
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 retinal output, that is to say, the output of the ensemble of ganglion cells in dark and light adaptation. Nor have we any quantitative information about this phenomenon, which would permit us to compare and make predictions about different conditions of illumination. The only quantitative approach to the retinal output is the statistical treatment of the ganglion cell discharge made by Kuffler et a/. (1957) and by Fitzhugh (1957). Even these were made on small samples. In reviewing the exhaustive work on retinal physiology, one is immediately aware of the fact that the technique of using fine microelectrode recording, which has been generally employed, did not allow one to gather information on the distribution of the activity among the different cell populations. To obtain data on the behaviour of a large population of retinal neurones, other methods must be applied, which provide reliable measures of the activity of a large number of retinal elements in each sample, without completely destroying the information related to the isolated components. This has been part of our task. However, before describing our methods, we must introduce the working hypothesis we have tried to test. On terminology
 
 A comparison can be made with the afferents of the muscular system, from which the attribute “tonic” is borrowed. Signals are continuously discharged from many sensory receptors, apparently in a random fashion, and it follows that a specific mode of excitation of the receptors brings about a “patterning” of the already existing outflow, reproducing in a suitable code the energy patterns acting on the receptors. Available evidence gives the same picture for the retina as for other receptor systems. Together with the apparent randomness of the discharge, this has contributed to the widespread belief that the retinal tonic activity, in the absence of receptor stimulation, is to be considered as the same form of nuisance that communication engineers are faced with when they are dealing with the transmission of information, that is to say, pure random noise in the channel of communication. In this view “noise” has the connotation “unwanted information”, implying really that the physiological meaning of the continuous discharge is utterly unknown. We will try to show in the next sections that what has been regarded as noise is actually live information, and that it is not unwanted, but is needed for the actual act of vision. (a) The concept of tonic activity. When one is dealing with continuous activity in darkness, one is tempted to use the term “spontaneous”, which is so widely applied (see Granit 1955; Kuffler 1953). However, in this paper this term has been purposely avoided because 1. a more specific word is preferred, and 2. the term “spontaneous” is ambiguous; it includes, not only the activity in dark adaptation, but, paradoxically, also the activity going on during long-term steady illumination. Instead of the term “spontaneous” we shall use the word “tonic”, giving it the specific meaning which we shall now define. The introduction of this term was dictated by something more than a simple problem of finding a new label. It would appear that the word “spontaneous” can be applied safely to the activity of the retina in dark adaptation, that is to say, to the dark discharge (Arduini and Hirao 1959). The term would lose its meaning if it were applied to the continuous activity of the retina during steady
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 illumination, because then a stimulus is present. However, during steady illumination, the modifications of the retinofugal discharge can be easily separated from the changes occurring at the onset of the stimulus. The problem is exactly the same when one considers the modification of the retinofugal activity during dark adaptation. In the course of this process, the discharge of the ganglion cells undergoes changes which cannot be mistaken for those which constitute the of effect. The two situations, light and dark adaptation, have in common the property of being beyond the transient state induced by the onset or the offset of illumination. Therefore, we shall use the term “tonic” to mean every state of the retinofugal discharge which is not phasic. (b) Tonic and phasic. The attribute “tonic” has always been applied in opposition to “phasic” and it implies a non-transient condition. One may immediately ask the question: when does the activity cease to be phasic (that is, transient), and acquire the character of tonic (that is, non-transient). It can be said that a given activity is phasic when it is referred to some particular event, and conversely, that an activity is tonic, when it does not have a time relationship with any particular event. It is better at this stage to abandon for a while the word “activity” and to use a more operational definition. Because by “activity” one usually means the ensemble of the impulse discharges and their mutual time relationships, we prefer to speak directly in terms of impulses, and to consider the process of firing as a stochastic, or random process, so that it can be treated in terms of probability theory. Therefore, we shall account for the time relationship of the impulses in terms of probability of firing, probability distribution functions and probability density functions. We must, thus, reword our definitions as follows. Phasic is the state in which the curves of probability distribution functions of the variable X cannot be shifted along the time axis because the form of the curve would change. This corresponds to saying that the impulses are time-locked to some particular event (e.g., a stimulus), which was our first definition. On the other hand, tonic is the state in which the curves of probability distribution functions of the variable X can have any translations on the time axis, with the curves retaining their form. Translated into terms of impulses, this implies that the discharges are not time-locked to any particular event and that they may be randomly distributed in time.
 
 Measures A time-invariancy of this process is implicit in the fact that the form of the distribution functions does not change when the origin is shifted along a time axis. However the concept is conveyed also by the observation that this would constitute some kind of a neural “steady state”, that is to say, it remains invariant also from a thermodynamic standpoint. Thus, the problem is clearly one of finding a criterion for measurement. What measures are characteristic of the processes of our system, in such a way that, when a time-invariant condition is reached, we can safely assume that the system is in a steady state? Thermodynamically, a steady state is defined by the time-independency of the values of the macroscopic parameters at every point of a given system. This definition, of course, applies to non-living, as well as to living, systems. From a thermodynamic standpoint, measures on macroscopic parameters of a system have References P. 201-203
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 only a statistical meaning, inasmuch as they are average measures taken over large time or space intervals. One reaches the same conclusion when one is dealing with measures on time-invariant random processes, because they are defined in terms of probability functions and “a statistical study of random processes is not a study of each function.. . belonging to the group of functions characterizing the process, but a study of the properties of the entire ensemble, by means of averaging the properties of the functions entering it” (Solodovnikov 1960, p. 86). ( a ) Approaches to statistical measurements in the nervous system. The problems related to the statistical measurements have been outlined recently in connection with both micro- (Gerstein and Kiang 1960; see also Communication Biophysics Group and Siebert 1959) and macroelectrode recordings (Communication Biophysics Group and Siebert 1959). The statistical methods have been applied mainly to evoked activity and to surface recordings. There are basically two procedures: 1. statistical handling of the microelectrode data (amplitude, frequency, interval and probability of firing measurements) ; 2. statistically meaningful transformations of gross electrode recordings (averages, auto- and cross-correlations). I n our particular task both microand gross electrode recordings have been used. Some comments must be made on both types of procedure. Because a statistically meaningful number of retinal output elements had to be treated, a large number of isolated unit recordings was also needed. This was achieved easily by using the electrode which had the largest diameter and still allowed a recording of isolated unitary discharges. Such an electrode picks up discharges from several different units at a time. This introduces some difficulties in the handling of the data and these are best overcome by using electronic computers for the analysis of the amplitude and time characteristics of the discharges. As far as gross electrodes are concerned, these are not generally accepted as a means of recording the ongoing activity, especially that recorded from fibre bundles. However, when statistical information is needed, as in our work, recording from fibre bundles has the great advantage that it deals with only one class of phenomena, the “all-ornothing” axonal events which are not polluted by cellular graded potentials. Even so, it would remain extremely difficult to evaluate quantitatively the amount of activity going on in the territory around the electrodes, because “spontaneously” there are no distinguishable waveforms to measure; they are generally locked to stimuli. As has been stated before (Solodovnikov 1960, p. 86), statistical measures must be related to the entire process by averaging the properties of the functions entering it. Our measures will be simple averages, even if these simple averages “do not in general completely describe the process. But, by analogy with the first few terms of the power series expansion of a function, the limited description can often be very good for some purpose, and there are cases of great importance.. . in which a small number of averages completely specifies a random process.” (Communication Biophysics Group and Siebert 1959, p. 78). (b) Methods. The method applied in our research has been discussed separately (Arduini and Pinneo 1962a). It consists in the measurement of the effective voltage (the root-mean-square, or square root of the mean of the instantaneous squared voltage), or of the continuous recording of a quantity proportional to the average
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 energy of the potentials picked up by the gross electrodes. It has been demonstrated (Rice 1954; Goldstein 1960; Arduini and Pinneo 1962a) that these averages, when they are calculated from voltage recordings taken from bundles of fibres (or, more generally, when they deal with strictly “all-or-nothing’’ phenomena) are directly related to the number of impulses contributing to these voltages. These averages are not only directly, but also linearly, related to the number of impulses, provided that the impulses are randomly distributed in time in the different fibres. These average measures are therefore to be regarded as the “expectation” (statistical average, or ensemble average) of the random variable voltage which, in our experiments, is a continuous random variable. If the probability distribution functions of our variable represent a time-invariant (stationary) random process, our averages taken on the random variable will not show changes with respect to time. Conversely, when the measures we are taking on averages of voltage recordings reach steady values (Le., are invariant with time), we may infer that our random variable voltage has time-invariant probability distribution functions, which we have taken before as the definition for a tonic state of activity. These principles form the basis for our recording and data transforming procedures, and represent our first answer to the problem of the measures to be utilized. EXPERIMENTAL EVIDENCE
 
 1. The tonic discharge in the optic$bres of the dark adapted eye
 
 Obviously, the first question is: is there really such a phenomenon as the tonic activity, as we have defined it above? We will now consider the interpretation of the experimental data. The experiments (Arduini and Pinneo 1961, 1962b) were performed mainly on two types of preparations: 1. cats under barbital anaesthesia, with intact brains; 2. nonanaesthetized midpontine pretrigeminal preparations. Control experiments were also performed on precollicular decerebrate preparations with exposure of the chiasma. In these experiments the electrical activity was led from the optic chiasma by concentric electrodes. The MS (mean-square voltage) continuous curve as a function of time was integrated with readings of the RMS (root-mean-square voltage) directly from a panel instrument. MS values are more directly related to the actual ni.mber of active units (Rice 1954; Goldstein 1960; Arduini and Pinneo 1962a), but the RMS transform gives essentially the same information. Parallel experiments (Arduini and Cavaggioni 1961) were also performed on anaesthetized preparations in which semimicroelectrodes (35 p) recorded multiple unitary discharges from the fibres in the optic papilla of the opened eye. The following results refer, unless otherwise specified, to the anaesthetized preparations. The experiments were started after an arbitrary period of dark adaptation of 30 min. Taking the non-changing level of the RMS or MS curve as an index of the steady state of the retinal output, it was found that this state was reached with a different time-lag in different animals. In most of the preparations there was a sudden surge of the output discharge when the light in the animal room was turned off, to commence References P . 201-203
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 dark adaptation. The RMS value remained very high for a few minutes, reaching a steady level after 10 min or so of slow descent. Occasionally, in other preparations, the ofleffect was followed by a slow increment of the RMS value until a stable level was obtained, again in a time of several minutes. After that no major oscillations occurred, although minor fluctuations around the mean values were always present. In some experiments the of effect was characterised by the slow ascent of the level of activity following a pattern of synchronous bursts, with a dominant rate of 2-3 bursts/sec, but not infrequently with rates up to 40, or more, per second. These patterns generally vanished when the level reached the steady value and only rarely persisted during the dark period. This particular type of discharge has been named “pulsing” and it was found to be associated with lower levels of retinofugal activity (Arduini and Pinneo 1962b). In e;ery case the level of the retinal output, after it had reached steady values, was maintained as long as darkness was maintained and underwent only minor fluctuation. Summing up, records show that a state is actually attained which should meet our requirements for a steady state, because: 1. statistical measures indicated a nonchanging level; 2. its behaviour, after it reached a non-changing level, showed timeindependency from the stimulus (off). It would seem, therefore, that the retinal neurones, after a period of dark adaptation, settle down at a mean regular pace. However, the very presence of fluctuations of the RMS and MS levels indicates fluctuations, at the level of the isolated elements, in the total number of discharges. That this is so is demonstrated by the experiments with recordings by semimicroelectrodes from the optic fibres in the papilla (Arduini and Cavaggioni 1961). Individual units discharged at rates ranging from less than 1 to about 20/sec, very rarely higher, but also rarely at regular rates over long periods of time. Units might also stop discharging for several seconds and might resume firing quite unpredictably, so that the total number of firings counted in the unit of time underwent wide variations. It seems that the distribution of the outgoing activity in the retinal neurones has some kind of a rotational character (Granit 1940, 1955), although simple observation or counting of the discharges cannot offer any indication of real patterning. 2. The tonic discharge during continuous illumination The phenomena occurring at the onset of a long-lasting stimulation (5-45 min) did not concern us here. These are the well-known on effects. The on discharge produces, of course, a large increase of the level of activity in the chiasma (Fig. 1,2). Generally, however, this is not maintained for more than a few seconds, being followed by a decrease below the level of dark adaptation. Also this level is not sustained for more than 10 sec, and a new, somewhat higher level is quickly attained, always lower than the dark adaptation level, and is maintained with only minor fluctuations for the whole duration of the illumination. That is to say, a new steady state is reached, following the previous definition, which should, as such, be characterised by the stabilising of unit firing at a lower pace. This lower pace is due to the facts that: 1. the silent intervals occurring between the outbursts are longer; 2. possibly the number of impulses in each outburst is smaller; 3. some of the previously active units are now silent.
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 Fig. 1 Anaesthetized preparation (nembutal 50 mg/kg). Concentric electrodes in the chiasma. CRO recordings. A : dark adaptation. At the arrow the light is turned on. B : 5 min after A ; C: 15 min after A - a t the arrow the light is turned off; D: 15 min after C ; E: during retinal ischaemia; F: noise from the electrodes in the chiasma at the death of the animal (compare with E). (From Arduini and Pinneo 1962b.)
 
 The microelectrode recordings (Arduini and Cavaggioni 1961) show that these predictions are correct and that the results reproduce those of previous investigators (Granit 1955; Kuffler et al. 1957). There is, in fact,: 1. a decrease of the firings per unit of time for each unit; 2. some of the elements stop discharging altogether, while 3. a few others increase their firing rate, without compensating for the total loss of number of discharges, because 4. the total number of firings over all the units is lower than it is in dark adaptation. After a period of adjustment, the total number of discharges settles at a considerably stable level with only minor fluctuations. A larger fluctuation of the firing rate and of the number of discharges per unit time is found, however, at the level of the individual units. In other words, although a steady state can be seen also at the unit level, it is recognised more easily when one counts the total number of impulses fired by an entire population rather than the number of References D. 201-203
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 Fig. 2 Schematic diagram of the time course of the events produced by illumination and the return to dark adaptation. (From Arduini and Pinneo 1962b.)
 
 discharges of a given, or a few, individual units. In fact, the total number of impulses is kept fairly constant throughout the period of light adaptation, although the single elements change both the intensity and patterns of their discharge over a wide range, quite frequently in opposite directions. This point will be resumed in a moment. 3 . The relation of the level of tonic activity to the intensity of light during steadv illumination It was possible to vary the intensity of the stimulating light in logarithmic steps by means of neutral filters. It was found (Arduini and Pinneo 1961, 1962b) that the level of activity stabilised at progressively lower values when the light intensity was increased. The change of level from dark to light (i.e,, the actual amount of level decrease) is, at a first approximation, a power function of the intensity of the light (Fig. 3, A,B). Photographic controls of the pupils showed that during barbital anaesthesia the diameter of the pupils did not change when passing from dark adapted conditions to light. These results affirm that tonic activity, far from being pure “noise”, has a distinct information content. In this case, it is actually a continuous flow of live information about the intensity of the light falling on the retina. This fact was predicted in a previous paper, in which the possible functional significance of the dark discharge was discussed (Arduini and Hirao 1960a). This point will be discussed further in the last section of this paper. A striking feature of the behaviour of the tonic activity during continuous illumination at different intensities is the fact that, while the total number of discharges per unit time seems to be in a steady state, this is not true for individual units. They often show a considerable degree of fluctuation of firing, and can even have opposite signs of reaction to light (Arduini and Cavaggioni 1961). This finding means that tonic activity is, as a mean level, the parameter which has information content, whereas the behaviour of each individual unit does not necessarily contain the same information. This is the basis for Schubert’s (1958) hypothesis discussed elsewhere
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 Fig. 3 Plots of the relationship between change of Volt RMS in chiasrna and level of illumination in the anaesthetizedpreparation. A : normal scale; B. log RMS vs. log intensity. (From Arduini and Pinneo 1962b.)
 
 (Arduini and Hirao 1960a). The observation is even more striking when it is compared with Granit's words (1955, see above) that light excites or inhibits according to the nature of the unit and to the intensity of the light. In the experiments reported here, the finding of an over-all decrease of the discharges in the tonic state is confirmed, and this must be independent of the nature of elemental firing (see also Kuffler et al. 1957). It would seem, therefore, that there is a real difference in the mechanisms (not in the units involved) underlying the phasic and the tonic reactions of the retina. 4. Relation of the change elicited by steady illumination to the level of tonic activity in
 
 darkness Because the total number of firings per unit of time seems to be the factor involved in the attainment of the steady state, it seemed advisable to take into consideration References P. 201-203
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 the value of the level of tonic activity in darkness and to test one and the same light intensity against different backgrounds of dark discharge. This can be done, however, only on RMS or MS recordings from gross electrodes (Arduini and Pinneo 1961, 1962b), because: 1. only gross electrodes offer a sample of the output sufficiently representative of the total; 2. microelectrode samples are subject to quantitative changes within too wide a range. A means for the quantitative comparison of different experiments was needed and it was found in the signal-to-noise ratio (S/N) principle (Arduini and Pinneo 1962a), the noise being that level of activity recorded by the same electrodes in the same position in the dead animal; everything recorded above the noise level was considered as the signal. The same principle is used in communication engineering, where signal-to-noise ratios are measured generally as RMS or, more frequently, as power ratios. Both measures have been used in these experiments. Because the MS values are directly related to energy, provided only that the circuit resistance is constant, the resistance of the measuring circuit was carefully controlled, not only at the end, but also during the experiments. This could be done by inducing a reversibIe total retinal ischaemia (Bornschein 1958), which completely suppressed all retinal outflow. With this procedure only the noise should be present. Accordingly, the MS values with ischaemia always fell consistently to the level found in the dead animal (Fig. 1). This observation shows, incidentally, that, if any centrifugal discharge was present in these experiments, its intensity was within the limits of error of the measurements. The result was that continuous illumination had different effects when it fell on retinas with different levels of tonic outflow in dark adaptation. The mean level of the S/N measured in RMS in the dark adapted anaesthetized preparation was 1.72, with values ranging from 1.45-2.75. Results different from those described in the previous sections appeared when the S/N was lower than 1.45. It was not infrequent to find such low values; some of the animals also had lower S/N’s, as low as 1.10, although many of them seemed to be otherwise in good condition. The main point is that steady illumination, when applied to retinas having tonic activity with S/N’s less than 1.45, characteristically brought about an increase of the level of the tonic activity. At the onset of stimulation the on discharge generally continued, sometimes with a minor pause, in a steady plateau; this plateau was maintained as long as the illumination was continued. The reaction when the light was turned off, after a short of discharge, was sometimes an abrupt decrease of the activity to the starting level; at other times a slow ascent to a new and higher dark adaptation level, which was reached within 5-10 min. If the new level of tonic activity in darkness still showed a S/N lower than 1.45, a further stimulation with the same intensity of light still brought about an enhancement of activity, which was, however, smaller than the previous one. This procedure could be repeated until the steady state of activity during dark adaptation had an S/N ratio higher than 1.45. The whole phenomenon can be compared to a “staircase” effect. When the S/N had become higher than 1.45, the same continuous illumination, with the same intensity of light, brought about the decrease in over-all level of retino-
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 fugal activity as that described above. The value of 1.45 in the anaesthetized preparation can be considered, therefore, to be the reversal threshold for the effects of steady illumination. Within the range of S/N from 1.45 to 2.75 (in the anaesthetized preparations), the same intensity of illumination produces effects which are progressively stronger; that is to say, the higher the level of tonic activity in the dark adapted state, the larger the effects of steady illumination. Thus, the greater the distance of the S/N ratio in the dark from the reversal threshold, the greater the effect of steady illumination upon retinal activity, whether there is an increase or decrease in the activity. All these results were obtained consistently in different preparations, and were occasionally tested in the same preparation when the “staircase” effect was present. In some of the microelectrode recordings (Arduini and Cavaggioni 1961) parallel phenomena could be observed at the unit level, although quantitative comparison of experiments was not possible. A reliable comparison can be made only for different values of the total number of discharges in the same preparation, when other causes leading to changes of the total number of the discharges can be eliminated (such as increased pressure of the electrode, displacement etc.). In the same preparation it could be shown that continuous illumination had decreasing effects when the total number of discharges per unit time was high, while an enhancement was obtained when the number was lower. This constitutes the counterpart at unit level of the effects observed with gross electrodes (Arduini and Pinneo 1961, 1962b). In order to find a clear relationship, the total number of discharges had to be determined over a period of at least 2 min. However, when the firing of an isolated element was counted even for a period of 2 min, one failed, usually, to show any appreciable relationship between the number of discharges and the amount of decrease during illumination. The conclusion is, once more, that only the behaviour of the entire population has information content.
 
 5 . The increase of the tonic level of activity with illumination The fact that the retinofugal discharge is enhanced by steady illumination only when the S/N of the dark discharge is less than 1.45, required a more rigorous examination of this apparent inversion of the effects of continuous illumination. It was assumed (Arduini and Pinneo 1961; 1962b) that, under those conditions, the output of the retina was sustained only, or predominantly, by those elements whose activity was enhanced by illumination (see section 2, the results of microelectrode recordings). The assumption was justified, because, on the few occasions when a retina with low RMS output during darkness was investigated by microelectrode recording (Arduini and Cavaggioni 1961), it was found that most of the units increased their firing rate during illumination; a few others, a clear minority but always present in these instances, were regularly inhibited. It was by no means clear, however, why, in some of the animals which were otherwise in good condition, the retinal activity was sustained only by the light-enhanced elements. As a working hypothesis the assumption was made (Arduini and Pinneo 1961, 1962b) that the low level of activity of the light-depressed retinal units was due References
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 to an active inhibition exerted upon them, directly or indirectly, through some intraretinal mechanism. In other words, we postulated the existence of a mechanism controlling the tonic retinal output in darkness and therefore controlling in this way the information sent through the optic fibres with the “tonic” discharges in darkness and light. A series of experiments has been devised to test the existence of such a mechanism. It had been observed (Arduini and Goldstein 1961) that, after recovery from shortlasting retinal ischaemia, continuous illumination had a stronger enhancing effect on the evoked responses of visual cortex to lateral geniculate shocks. Because the enhancing effect of steady illumination (Chang 1952) had been attributed to the overall decrease of the dark discharge (Arduini and Hirao 1960a), the possibility was considered that after short-lasting retinal ischaemia the recovery of the retina led to an increase of the dark discharge and therefore to an enhancement of its depression by steady light. 6. Effects of short-lasting retinal ischaemia on the level of retinofugal activity It is known that any increase of intraocular pressure well above that of the arterial blood produces ischaemia of the retina which results in the total suppression of all retinal output in less than I min (Bornschein 1958; Arduini and Hirao 1959, 1960a, b). Because it was possible to perform this experiment only on the unopened eye, only the results of gross electrode recordings from the chiasma are reported (Arduini and Pinneo 1961, 1962). As soon as pressure is applied to the anterior chamber of the eye, a strong discharge is recorded, which is possibly an irritative one ; and immediately afterwards, the level of the retinofugal activity falls dramatically and reaches in about 40 sec the level found in the chiasma of the dead animal (Bornschein 1958). Under these conditions, the retina remains silent as long as the pressure is maintained. When the pressure is released (after no more than 10 min), the activity is slowly resumed and it takes from 10-20 min to return to the previous dark adapted level. It was observed, however, that after recovery from short-lasting ischaemia, the dark adaptation level of the retinal activity tended to overshoot the pre-ischaemic values. If, before ischaemia, the S/N of the tonic activity was below the reversal threshold (S/N less than 1.45), and therefore showed the light-enhanced type of reaction, after ischaemia the S/N might rise to higher values and therefore show the light-depressed type of reaction. These results would support the hypothesis of an inhibitory mechanism which depresses the tonic discharge of those retinal elements which are generally depressed by continuous illumination. A short-lasting ischaemia might, in fact, produce (more or less selectively) some kind of lasting damage of the hypothetical intraretinal mechanism which checks the discharge of the light-depressed elements; their activity would thus be released, with the visible consequence of an increase of the overall level of retinofugal activity. The effects of ischaemia could be explained also by assuming that the retinal neurones, when they recover from anoxia, increase their firing rate through some irritative mechanism (due, e.g., to accumulation of metabolites). This possibility is, however, not probable because the after-effect of a short-lasting ischae-
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 mia on the level of retinofugal activity persists for hours. One may argue that barbital anaesthesia is not suited to reveal a mechanism which is supposed to be inhibitory, because it is known that this drug exerts a general depressant effect on retinal discharge (Kuffler 1953). The same consideration holds also for all the effects described in the preceding sections. Other experiments were, therefore, carried out on unanaesthetized pretrigeminal preparations. 7. The midpontine pretrigeminal preparation: effects of ischaemia and of nembutal As far as reactions to continuous illumination are concerned, the tonic retinofugal activity of the pretrigeminal preparation showed the same patterns of response as those shown by the anaesthetized cats (Arduini and Pinneo 1961, 1962b). The only differences were quantitative. The overall level of tonic activity of the chiasma in dark adaptation was consistently higher than it was in the anaesthetized cat, the mean figure of S/N being 3.15 (from 2.45-4.80). The reversal threshold for the effects of continuous illumination was, accordingly, somewhat higher, around 2.50. This means that all the values found in the anaesthetized preparation can be multiplied by a factor of about 1.75 to obtain the values for the unanaesthetized cat. In this preparation, the relationship between the background level of retinofugal activity in darkness and its decrease by continuous illumination is similar to that of the barbital preparation. Retinal ischaemia of a few minutes duration also showed the same effects. Another test was then devised, in view of the fact that nembutal depresses the activity of nerve cells. Small amounts of the drug were injected intravenously in the hope that they might suppress, more or less selectively, the hypothetical intraretinal mechanism mentioned above, which would inhibit the retinofugal discharge of the light-depressed elements; i.e., the same structures which have been assumed to be more easily disorganized by a short-lasting ischaemia. When 3-5 mg/kg of the drug (a dosage much lower than that used in anaesthesia) were injected into a pretrigeminal preparation, the level of the tonic output slowly increased, and became stable at a new, higher level, after an ascent lasting about 5 min. The increase of the level of the tonic retinal output was followed by manifestations similar to those which occurred when the enhancement was produced by short-lasting retinal ischaemia, as discussed in the previous section. The same intensities of steady illumination induced a depressing effect on the retinofugal discharge, which was stronger the higher the level reached during dark adaptation (see section 3). When the drug was injected when the S/N was below the reversal threshold, the enhancement of the activity might overshoot the critical values, so that the same intensity of steady illumination which previously increased the retinal output, later had a typical depressing effect. The potentiating influences exerted by small amounts of nembutal on the tonic activity of the retina are in fact much stronger than the effects of ischaemia, which are, in their turn, greater than the enhancing effects of light (see section 4). These three procedures may or may not be comparable as far as their intrinsic mechanisms are concerned, but the results are, as far as the general trend of the changes induced is concerned, the same. As far as the effects of nembutal are concerned, one may object that the increase References p . 201-203
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 of the level of the retinofugal activity might be due to collateral effects of the drug, such as, for instance, the relative anoxia brought about by the fall of blood pressure that occurs when the drug is injected intravenously. It can be demonstrated, however, that this fall of blood pressure, which occurs also with small amounts of the drug, is always associated with a lowering of neuronal activity, not only in the retinofugal paths, but also on the cerebral cortex. The fall of blood pressure, moreover, can be avoided simply by injecting the drug very slowly. The only alternative hypothesis is, therefore, that small doses of nembutal increase the retinal dark discharge through a release mechanism similar to that which occurs after short-lasting ischaemia. Complex results are obtained when higher doses of nembutal are injected into the pretrigeminal preparation. For doses above 10-15 mg/kg the overall retinofugal level is usually depressed, and may fall below the reversal threshold of the S/N value. However, even when the S/N is below the reversal values, the light may still maintain its inhibitory power on the tonic level of the retinal output. It is sometimes necessary to reach lower S/N’s, even as low as 1.10 (by adding more of the drug), in order to see an increasing type of effect for the same intensity of illumination. The effects of nembutal may be tentatively interpreted as follows: the drug, when it is injected in small amounts, would interfere almost selectively with the hypothetical controlling mechanism, thus releasing the activity of the retinal elements, whose discharge is reduced by steady illumination. This would lead to an increase of the overall retinal output and to the appearance (or the enhancement) of the depressing effect of steady illumination. As more of the drug is introduced, the generally depressant action of nembutal would involve all the ganglion cells, thus decreasing the overall tonic output, but not changing the sign of the effects induced by illumination. Finally, only the light-enhanced elements would remain active, and the effect of steady light would be reversed. This, however, is merely a working hypothesis, and the concept of an intraretinal mechanism checking (or inhibiting) the discharge of the retinofugal elements should be controlled with further experiments. The explanation we have offered of the effect of short-lasting ischaemia and intravenous nembutal rests on the assumption that the mechanism controlling the tonic output is within the retina itself. An alternative hypothesis would be that either low doses of nembutal or short-lasting ischaemia would impair, at central or retinal levels, a centrifugal control on the retinal dark discharge. A series of experiments carried out on precollicular decerebrate preparations shows, however, that this cannot be regarded as being the only explanation of these findings. I n these preparations the nervous tissue was removed, leaving only a thin layer about 1 mm thick on the top of the chiasma, in order to spare its blood supply. Under these conditions, which interrupted both tracts, the injection of small amounts of nembutal had the same increasing effects 011 the level of the retinal dark discharge as they had in the midpontine pretrigeminal preparation. We will now discuss the problem of whether light-enhanced and light-inhibited retinal elements belong to intrinsically different populations of ganglion cells. A lightevoked discharge from a ganglion cell is obtained when photons are absorbed by the corresponding receptors, thus giving rise to an excitatory process in the straight chain
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 receptor-bipolar-ganglion cell. It is generally not admitted that inhibition plays any role in this chain, when the other neighbouring chains are disregarded. What is usually understood is that inhibition appears as a “lateral” influence (Kuffler 1953; Barlow 1953b; Barlow et al. 1957) exerted by some neurones of the excited chain on other ganglion cells whose receptors are either not affected, or are less strongly excited. According to this assumption each ganglion cell may be either inhibited or excited by light, depending upon the area of the retina which is stimulated. The experimental conditions under which the lateral inhibition has been studied are much different from those of the present study. Lateral inhibition appears as a suppression ring around an excited area, and it has been shown by means of short duration flashes. Geometrical conditions in all the experiments reported here did not permit focal excitation. The diameter of the beam, the absence of focussing lenses, and the intraocular scattering allowed a fairly diffuse illumination of large portions of the retina (as could be seen by direct inspection through dilated pupils). Moreover, no flash was ever utilized, but continuous illumination during 5-45 min was always used. There is no evidence, therefore, that the decrease of the retinal output observed under conditions of steady illumination utilises the same mechanism of lateral inhibition. It might be interesting to see whether the interneurones, which are likely to mediate lateral inhibition, are also affected, more or less selectively, by short-lasting ischaemia or by small doses of nembutal. GENERAL CONSlDERATlONS
 
 Three main facts are evident from the results reported above. I. The influence of steady light on the tonic activity of the retina is the resultant of the algebraic sum of two opposite effects on the retinal ganglion cells (Arduini and Cavaggioni 1961). 2. The inhibitory effect overwhelms the excitatory one whenever the background of tonic activity represented by the retinal dark discharge is above a critical level (Arduini and Pinneo 1961, 1962b). 3. The amount of the inhibitory influence is directly related to the intensity of illumination (Arduini and Pinneo 1961, 1962b). The following comments will centre around the specific effects of the tonic activity on visual function. These facts must fit in with what is already known of the physiology of vision. In the short bibliographic account given at the beginning, a number of questions, mostly related to psychophysiology of vision, were left untreated. The following considerations will be concerned mostly with the psychophysiological problems. It is in this domain that the tonic outflow of the retina has been thought to condition the “response” to visual stimuli. The signalling of steady illumination The very presence of a continuous retinal outflow has intrigued physiologists: it could not be tied to any practical necessity for visual function, and it did not fit into the scheme of image formation or patterned vision. At best it was considered, as in Granit’s anticipation (Granit 1955), as an energizing bombardment needed to maintain a tonus central in the visual centres. One problem has always been overlooked, Relereneer D. 201-203
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 i.e., the one related to the neural and peripheral mechanisms underlying the perception of a constant background illumination, as, for instance, when one looks at a cloudless sky or an evenly illuminated white cloth covering the whole visual field. A tacit assumption seems to have been that information on the intensity of a non-changing, evenly-illuminated field was carried through an increase of the firing rate of the on units, as is certainly true for very short flashes of light (see Granit 1947, 1955). However, the on effect (even if the rate of the on discharge is strictly related to the intensity of the flash) can hardly be used to explain the perception of a steady photic stimulus. The intensity of steady illumination may be signalled only by the tonic activity of the retina, provided that the intensity of this discharge is in some way related to the strength of the photic stimulus. It is, in fact, likely that the tonic activity of the retina represents such a mechanism, and has the required properties, namely, constancy against time and adaptability. The only fact that could not be expected is that the retinofugal discharge maintains an inverse relationship with the intensity of steady light, so that the brighter the background of illumination the lower the overall level of the retinofugal discharge. (The limits of the working range of this mechanism have not yet been deterinined with accuracy.)
 
 Threshold during dark adaptation, visual acuity and signal-to-noise ratio It is not possible in this short review to discuss all the psychophysiological phenomena in which the tonic retinal discharge may be involved. We shall consider here only two problems: 1. threshold during dark adaptation; 2. visual acuity. Minimum visibility is extremely low in the human dark adapted eye, i.e., in a condition in which the intensity of the tonic retinal discharge presents its greatest intensity. Calculations of about one quantum for each rod have been reported (Hecht 1945; Pirenne 1951 ; Pirenne and Marriott 1959). On the other hand, visual acuity improves when the test figure is placed on a background of steady illumination, i.e., when the tonic discharge of the retina is likely to be decreased. If we accept the evidence that the retina is continuously active even when it is not directly stimulated, it is necessary to explain how, in experiments on minimum visibility, what is likely to be an extremely small phasic discharge may be detected on a strong background of tonic retinofugal activity. a whispered spoken sentence in a noisy telephone! The similarity with physical (that is non-living) situations cannot be carried too far. In no nerve fibre is there actually an amplitude superposition of noise and signal as in a telephone line. The actual situation in the nerve fibre is that of an impulse, timelocked to the stimulus, which occurs at some point of a sequence of randomly generated impulses. It is, therefore, a matter of measurement of the time-dependency of the spike to a particular event. In this respect only it might be considered a special case of the general problem of detection of signals against background noise of the same amplitude. The theoretical treatment of such a problem has found its most successful practical application in radar (see Woodward 1957), and has been later iitilised with reference to auditory messages (McPherson 1957; Green 1958; Birdsall 1960; Tanner 1960). The particular situation for a visual message would be that of an unknown signal whose time of occurrence is specified in terms of its probability
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 distribution functions. Because the test stimulus is allowed to act for only a short time (milliseconds), and on one or very few receptors, one must actually consider the case of a phasic change concentrated on a small area. In this situation one is most likely to be confronted with a true phenomenon of lateral inhibition, which creates a ring of depressed firing around a focus of activity. Both in visual and auditory systems two assumptions have usually been made: 1. that the biological “noise” (what we have defined as the tonic retinal output) is not participating in the process of detection of the signals; 2. that stimulation with a continuous light or a continuous tone increases the output of the organ by adding a continuous stream of impulses to the biological “noise” existing in darkness. On these bases a thorough discussion has been developed on discrimination threshold experiments with an attempt at a quantitative appraisal of the “noise” (the “dark light”) in terms of quanta of light per unit area of the retina, which would give rise to a discharge of the same strength (Denton and Pirenne 1954; Barlow 1957). According to the results reported above these assumptions should be revised, in view of the fact that an increase of the intensity of continuous visual stimulation actually decreases the overall tonic retinal output. In other words the “noise” decreases with the increase of the background illumination. The decrease of the overall level of retinal output with increasing intensity of the background illumination, everything else remaining constant, brings about a larger average spacing of the random impulses (Arduini and Cavaggioni 1961). Both the tonic activity and the response to a stimulus (the “noise” and the “signal”) are determined uniquely by their probability distribution functions. Therefore, the increase of the average interval of the random events constituting the “noise” would decrease the ambiguity in the detection of the “signal”, much as the decrease of the bandwidth of the noise would decrease the ambiguity of detection of the signals in a radar receiver (Woodward 1957). This is equivalent to saying that the signal-to-noise ratio is increased. Accepting these assumptions, the improvement of visual acuity with an increase of illumination of the background field can be easily explained. The signalto-noise ratio reduction is likely to be of major importance when the visual acuity is studied within a single range of light intensity, either photopic or scotopic; at the borderline the well known anatomical factors (rods vs. cones) have of course the great importance that is usually attributed to them. I wish to thank Dr. M. H. Goldstein of the Massachusetts lnstitute of Technology for his criticisms and suggestions in the preparation of the manuscript. REFERENCES ADRIAN,E. D. Synchronized reaction in the optic ganglion of Dytiscus. J. Physiol. (Lond.), 1937, 91 : 66-89. ADRIAN, E. D. and MATTHEWS, R. The action of light on the eye. I : The discharge of impulses in the optic nerve and its relations to the electric changes in the retina. J . Physiol. (Lond.), 1927a, 63: 378414. ADRIAN,E. D. and MATTHEWS, R. The action of light on the eye. 11: The processes involved in retinal excitation. J. Physiol. (Lond.), 1927b, 64: 279-301. E. D. and MATTHEWS, R. The action of light on the eye. 111: The interaction of retinal ADRIAN, neurones. J. Physiol. (Lond.), 1928,65: 273-298.
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 DISCUSSLON R. JUNG: With regard to the prevalence of the dark-discharge from the retina, did 1 understand correctly that the barbiturized preparation is in principle similar to the mesencephalic preparation? J. M. BROOKHART: 1 should like to raise a question concerning the functional meaning of the dark discharge. He indicated his opinion that the dark discharge has an informational content. What sort of information do you think this dark discharge carries?
 
 G. MORUZZI: There are two aspects of Dr. Arduini’s report which in my opinion deserve to be discussed from the angle of the integrative physiology of the central nervous system: ( I ) The steady decrease of the retinal dark discharge elicited by continuous illumination, and the significance of this phenomenon for visual perception, with particular regard to the evaluation of the intensity of diffuse, non-patterned visual stimuli. (2) The retinal dark discharge as a source of a tonic reflex control of central nervous structures which is not necessarily correlated with visual perception. Since Dr. Arduini has concentrated on the first problem, I shall report two experiments closely related to the second aspect of his report. (1) Drs. Berlucchi and Strata have investigated the ocular behavior of the owl, placed in a dark, sound-proof room. The animal had been blinded unilaterally by (i) intraocular compression lasting up to 6 h ; or (ii) by photocoagulation of the pecten and the underlying papilla. Using a Sniperscope or photographs taken with flashes much shorter in duration (2.5 msec) than the latent time of any palpebral response to light, they showed that, during the process of falling asleep, the drop of the lids constantly occurred earlier on the blind eye. Because the animal was in complete darkness, the palpebral asymmetry was due to the retinal dark discharge of the intact eye, whichobviously supports reflexly the central tone of the ipsilateral palpebral motoneurons.
 
 A. ARDUINI
 
 (2) Arduini and Hirao (1959) have shown that the low voltage fast activity of the midpontine pretrigeminal preparation is replaced by EEG synchronization during bilateral ischemic blackout of the retina. Because this effect is present in darkness, and inasmuch as pain is completely eliminated by the pretrigeniinal level of the section, the conclusion has been drawn that the activating structures responsible for the peculiar behavior of the midpontine pretrigeminal cat are supported reflexly by the retinal dark discharge. After post-collicular transection of the brain stem, the isolated cerebrum behaved like Bremer’s cervem isole‘: the EEG was dominated by trains of spindles separated by prolonged interspindle lulls. Bizzi and Spencer have shown, however, that even in these experimental conditions tonic activating structures, driven reflexly by the retinal dark discharge, are still at work. They are simply overwhelmed by the synchronizing structures, but they are still able to restrain synchrony. This conclusion is supported by the observation that a short-lasting (5-6 min), bilateral retinal black-out performed in complete darkness will produce, in a thoroughly reversible and predictable manner: ( i ) an increase in both the repetition rate and duration of the spindle bursts and ( i i ) the appearance of slow waves during the interspindle lulls.
 
 ARDUINI, A,, and HIRAO,T. On the mechanism of the EEG sleep patterns elicited by acute visual deafferentation. Arch. ital. Biol., 1959,97: 140-1 55. BERLUCCHI, G . and STRATA,P. G . Palpebral asymmetry in the dark adapted owl (athena noctua) following unilateral irreversible visual deafferentation. Arch. ital. Biol., 1962, 100: 248-258. BIZZI,E. and SPENCER, W. A. Enhancement of EEG synchrony in the acute “cerveau isol6”. Arch. ital. Biol., 1962, 100: 234-242.
 
 R. JUNG: Will you accept the explanation that the resting discharge in light and darkness represents the effect of a balanced system, set at different levels by the light input? Then you should admit that two reciprocal systems, the B, or on-center system and the D, or off-center system, are both active and the results cannot be explained by a single system in terms of a signal to noise ratio. The advantage of such a device could be that it can work in two directions, both forwards excitation and inhibition and still remain in relative balance of the total output. 1 have to modify Prof. Jasper’s remark concerning contrast mechanisms. These are just knocked out during dark adaptation, as Kuffler and his group have shown, by the disappearance of lateral inhibition. This results in increased convergence from receptors and bipolars on each ganglion cell. This increased convergence might amplify the dark discharge.
 
 S. W., FITZHUGH, R. and BARLOW,H. B. Maintained activity in cat’s retina in light and KUFFLER, darkness. J. gen. Physiol., 1957,40,683-702. R. GRANIT: Pointed out, in summarizing the discussion, that it had followed two main lines. On the one hand it was necessary to understand what purpose the tonic discharge might serve, a question especially considered by Professor Moruzzi. On the other hand, one wanted to understand the nature of the retinal mechanism responsible for the tonic light and the tonic dark-discharge. Granit’s view was that one should first consider the possibility of Arduini’s index differentiating within a small fibre system emanating from cones and a large-fibre system emanating from rods before one proceeds to discuss retinal mechanisms of inhibition. A. ARDUINI’s replies
 
 To R. Jung The differences found in the anesthetized and non-anesthetized (pretrigeminal) preparations are only quantitative and not qualitative ones. In the pretrigeminal cat the dark-discharge is on the average stronger than during barbital anesthesia by a factor of little less than 2. All the phenomena just described in the anesthetized preparations have also been observed in the pretrigeminal animals.
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 To J. M . Brookhart As we have shown, the decrease of the activity of the retina brought about by continuous illumination is a function of the intensity of the light. We suggest, therefore, that the information carried is concerned with the average brightness of the visual field. As far as other functional aspects of this tonic activity during light and dark adaptation are concerned a distinction should be made between specific and “aspecific” effects. A typical specific effect is represented by the increase of visual acuity with the intensity of retinal illumination which occurs both for rod and cone function. For a given range (either scotopic or photopic) the reduction of the tonic retinal activity operated by any increase of continuous illumination would increase the ratio of the signal to the biological “noise”. An example of non-specific function, implicit in Granit’s concept of the “energizers”, is given by our experiments with Dr. Hirao (1959, 1960). In the pretrigeminal preparation the tonic activity during dark adaptation is sufficient to maintain EEG activation (presumably by sustaining the central tone of the ascending reticular system) and the reduction of this tonic activity, during steady illumination of moderate intensity is able to induce EEG patterns of sleep. ARDUINI,A. and HIRAO,T. On the mechanism of the EEG sleep patterns elicited by acute visual deafferentation. Arch. ital. Biol.,1959,97: 140-155. ARDUINI, A. and HIRAO,T. EEG synchronization elicited by light. Arch. ital. Biol., 1960, 98:275292.
 
 To R. Jung What professor Jung is proposing is an alternative between one-population and two-population models. There is little doubt about the validity of the two-population model, when we are concerned with the phasic phenomena elicited by changes in the intensity of retinal illumination. Jung’s distinction between B, or brightness system, which is activated by any increase of illumination, and D, or darkness system, which is activated by any decrease of illumination, is of great value for explaining such phenomena as simultaneous contrast and, more generally, patterned vision. The problem we are concerned with here is whether the same reciprocal organization is involved in the transmission of information under steady light, when the visual field is homogeneous and therefore patterned vision is absent. The main difficulty, in our opinion, is to explain how time-locked discharges, relatively short in duration, such as those characterizing the behavior of B and D systems, may convey information during continuous illumination of the whole visual field. Undoubtedly the same retinal units, whose time-locked activity corresponds to either B or D patterns, may present a tonic discharge (see e.g. Kuffler et al. 1957). According to professor Jung the level of the tonic discharge of the B and D systems should be responsible for the information received during darkness (“central gray”) and during steady illumination (Jung 1961). We have no crucial evidence for either proving or disproving the two-population hypothesis. It is true that when the level of the dark discharge was high, we were only rarely able to find units increased by steady illumination, thus behaving as B units (Arduini and Cavaggioni 1961). We realize that this could be due to the fact that our electrodes recorded predominantly a given group of optic fibers e.g. in relation to their diameter. It remains to be explained, however, why the same electrodes recorded a behavior similar to that of the B units whenever the level of the dark discharge was low. The point we want to make is that, when the retinal dark discharge is intense, only inhibitory effects were observed during steady illumination with our recording techniques, or these were predominant; and it is the reduction of the overall discharge which appears to be closely related to the intensity of steady illumination. This constant and close relation has not been found by the authors who were interested in the tonic behavior of single B and D units. This is shown by the fact that the maintained discharge was characterized by a high degree of variability even for a given unit under constant illumination (cf. Kuffler etal. 1957 and Arduini and Cavaggioni 1961). For this reason we suggest that the information value of the tonic retinal discharge-for a steady, uniform illumination of the visual field-is given by thesum of all the individual discharges. When the retinal dark discharge is intense, and when the intensity of steady light is moderate, inhibition of tonic activity appears to be the significant factor. Our work should be regarded as a preliminary attempt to integrate the retinal output under these simplified experimental conditions. S . W., FITZHUGH R. and BARLOW H. B. Maintained activity in cat’s retina in light and KUFFLER darkness. J. gen. Physiol., 1957,40: 683-702.
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 JUNC R. Korrelationen von Neuronentatigkeit und Sehen. In: R. JUNG und H. KORNHUBER (Editors) Neurophysiologie und Psychophysik des visuellen Systems. Springer, Gottingen, 1961, 410435. ARDUINI, A. e CAVAGGIONI, A. Attivita tonica della retina registrata con semimicroelettrodi. Boll. Soc. iial. Biol. sper., 1961, 37: 1393-1395. To R. Granit I thank prof. Granit for summarizing our results. As 1 pointed out in answering Prof. Brookhart’s questions, the purpose of the tonic discharge from the retina must be sought both in the specific visual domain and in the non-specific sphere. The motor asymmetries described by Prof. Moruzzi must be explained in both terms. During the experiments and during the preparation of this paper we have always considered that the dual system of fibers of both small and large diameter, might be differentially involved in our effects. The quantitative index that we have utilized so far is unable to differentiate between the two systems. But this is the object of one line of our future researches and we hope that more data will be available soon.
 
 Multisensory Convergence on Cortical Neurons Neuronal Effects of Visual, Acoustic and Vestibular Stimuli in the Superior Convolutions of the Cat’s Cortex R. JUNG, H. H. KORNHUBER
 
 AND
 
 J. S. DA FONSECA*
 
 Department of Clinicnl Neurophysiology, University of Freiburg, FreiburglBr. (Cermnny)
 
 Multisensory information is an essential function of the brain as is shown by studies of both behaviour and psychologic experience. The early experiments of Moruzzi and his group (Baumgarten and Mollica 1954; Moruzzi 1954; Scheibel et al. 1955; Mancia et al. 1957; Rossi and Zanchetti 1957) have well demonstrated the convergence of different sense modalities on neurons of the reticular formation. Other studies have shown such a convergence on neurons of the putamen (Segundo and Machne 1956), the caudate nucleus (Albe-Fessard et al. 1960), the centromedial (Albe-Fessard et Gillet 1961) and lateral thalamus (Borenstein et af. 1959), the amygdala (Machne and Segundo 1956) and the hippocampus (Green and Machne 1955). The neuronal basis of such multisensory information in the isocortex is, however, not yet well known. The experimental study of the convergence of several sensory modalities on the same cortical neurons is only just beginning (Kornhuber and Da Fonseca 1961a). Apart from our work on the visual cortex (Jung 1958, 1961a), Buser and Imbert (1 961) have collected a neuronal population with multisensory input from the motor cortex under curare or chloralose. We have explored multimodality afferents in the “enckphale isole” preparation without anesthesia in the hope of defining some so-called nonspecific cortical afferents more precisely in relation to their sensory origin. From experiments on the convergence of specific, unspecific and vestibular afferents at neurons of area 17, presented elsewhere (Jung 1958, 1961a, b), it became clear that, even in a primary receiving area such as the visual cortex, convergence of visual input with other modalities must play an important part. It was of interest to investigate also the surrounding areas for their afferents from visual and other modalities, especially for their vestibular input. After Grusser’s demonstrations (Griisser und Grusser-Cornehls 1960; Griisser et al. 1959) o f vestibular responses in area 17, Kornhuber and Da Fonseca (1961b) showed a much wider distribution of vestibular input and a less specific vestibular preponderance in the visual cortex than Griisser had assumed. ~~
 
 *
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 From Albe-Fessard’s (Albe-Fessard et al. 1960; Albe-Fessard and Gillet 1961) and Buser’s work (Buser 1960; Buser and Imbert 1961) we were aware of the difficulties in showing these multisensory effects in preparations without chloralose. Records were therefore taken from single cortical neurons in the “enctphale-isolt” cat without anesthesia. Of course the “enctphale isolC” has other limitations, especially the exclusion of somatic afferents from the spinal cord. We have therefore restricted our experiments to optic, vestibular and acoustic sensory modalities. It is the purpose of this paper to describe some preliminary results from these multisensory effects on 450 cortical neurons. They will be discussed in relation to other results and with some speculation about the significance of these convergent neuronal mechanisms. It is hoped that these efforts may lead to a more precise investigation of this multimodal interaction. MATERIAL
 
 About 450 neurons from various areas in the superior convolutions of the cortex of the cat were recorded and tested for their response to optic, acoustic and vestibular stimuli. In addition 67 neurons of the lateral geniculate body were recorded during optic, vestibular and reticular stimulation and the old material of Grusser et al. (1959) of 70 neurons of the visual cortex was again tested for optic and vestibular stimuli. The statistical analysis of this material and the correlation of the various response types has not yet been completed. It will be reported later together with the results of further experiments on the interrelation (facilitation or inhibition) of multisensory stimuli. The following incomplete results, illustrated by Figs. 1-6, are selected as prominent examples of multisensory convergence. They are intended to give a preliminary survey of the main findings, summarized in Fig. 8. No complete cytoarchitectonic investigation of the cat’s cortex with its individual variations is available, except the recent study of the visual areas 17, 18 and 19 by Otsuka and Hassler (1962). We therefore use the conventional mixed terms for the various cortical areas as determined by the evoked potential method, mainly by Woolsey et al. (1961), together with old anatomical terms and the location in the gyri. METHODS
 
 Glass capillaries of the Ling-Gerard type with tips 0.5 to 3 microns in diameter, filled by the method of Tasaki et al. (1954) were used to record extracellularly single neuron activity from the cortex of cats in Bremer’s “enctphale isolc” preparation with artificial respiration. Visual stimulation consisted of diffuse white light directed onto closed lids: continuous illumination and intermittent stimulation with light and dark phases of equal duration at 500 lux. The lids were sutured to avoid any pattern stimulation which might be caused by the movements of the eye during labyrinthine stimulation.
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 Vestibular stimulation. Because it was necessary, during vestibular stimulation to avoid activation of other receptors and movements of the animal, labyrinthine polarization was provided at the round window of the ear by weak galvanic currents of 0.05 to 1.2 mA. The technique was similar to that described by Griisser (1959), but more obtuse electrodes with silver ball tips were used. In addition, caloric stimulation of the ipsi- or contralateral labyrinth was tested in a number of neurons, mainly from the vestibular area. Acoustic stimuli were hand claps or whistles and sometimes clicks. A six-beam cathode ray oscillograph, built by J. F. Tonnies, was used to record simultaneously several neuronal spikes, electrocorticograms and a photocell record of light stimulation. In the experiments on the lateral geniculate body presynaptic optic nerve fibres had to be excluded. Therefore only those spikes were selected for recording which showed the n-,!?-component described by Griisser-Cornehls and Grusser (1960). In the recordings from cortical neurons no such distinction between axons and cell bodies was made. We assumed that, among the millions of corticalcells and fibres, the few specific subcortical afferent axons which could be picked up by the microelectrode in the cortical layers would be negligible. e
 
 RESULTS
 
 1. Responses of cortical neurons to visual, auditory, and vestibular afferent impulses Cortical unit responses to afferent stimulation could be divided into two general classes or types as follows :
 
 Type 1. Immediate responses (“specijk”) These responses have a short and constant latency with “d’emble2’ activation or inhibition. They maintain a good temporal relation to stimulus duration, with little or no continuation after its cessation (e.g. Figs. 3b and 3e) except for rebound (Fig. 3a) following inhibition. They correspond to what is usually considered to be a specijic response. One variety of these immediate responses may be distinguished from the others as follows : Type la. Initial brief transient responses These responses are characterized by an initial brief transient burst with little or no sustained discharge. They occur mostly in trisensory neurons (Figs. 5 and 6). Type 2. DeIayed activation (b‘unspecijic”j These are long and variable latency responses, generally with recruiting activation and without inhibition. Their duration is prolonged after the cessation of the stimulus (Figs. lc, 2b and 2d). These responses seem to be related to “arousal” effects presumably generated in the “unspecific” ascending activating system (Magoun 1958). References p. 231-234
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 2, Topographic distribution of responses in cortical areas of the superior convolutions (see Fig. 8). Distribution of neurons from the following corticalareas were recorded and tested for the three sense modalities: Visual area I, gyrus lateralis posterior medialis (mainly parasagittal), area 17. Most neurons in this area gave immediate responses, Type I , to light or darkness. The majority of responses to labyrinthine polarization were of the delayed activation type 2 (Fig. 2 ) . Vestibular responses of type I were rare. Only one trisensory neuron (Fig. 5 ) with type 1 responses to visual, auditory and vestibular stimuli was encountered among about 30 neurons, tested extensively with all three modalities. Few acoustic responses of type 2 occurred. Paravisual areas, gyrus suprasylvlus posterior and medialis (visual area 11 and surroundings including area 18 and 19). In these areas neuronal responses were very similar to the primary visual area 17. Most units showed type 1 responses to light or dark. About half of them show responses to labyrinthine polarization, mostly of the delayed type 2. Vestibular or acoustic responses of type I were rare. Some combinations of visual type I and type 2 responses were obtained. spontaneous activity- In darkness
 
 -
 
 -.
 
 light on
 
 l i e on
 
 -,
 
 cathodic polarization contralot. labyrinth
 
 C
 
 Fig. I Visuo-vestibular convergence in a neuron of the para-auditory corfex (Ep. gyrus ectosylvius posterior). The neuron responds to light on with type 1 (trace b), to labyrinthine polarization with type 2 (trace c). The light response is similar to B-neurons of the visual cortex. (Neuron FK 67-2).
 
 Para-auditory area, gyrus ectosylvius posterior (Ep). In this area neuronal responses (Fig. 1) were very similar to those in paravisual areas, mostly visual type I , vestibular type 2. Auditory responses of type 1 or 2 were exceptional. Auditory area I, gyrus ectosylvius medialis and anterior. In this area most neurons showed immediate type I responses to acoustic stimuli, one fourth were also activated by labyrinthine polarization (some with type I). No visual responses were encountered.
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 Vestibular area I, gyrus ectosylvius anterior and posterior bank of the gyrus suprasylvius anterior: most neurons in this area showed responses of type 1 to labyrinthine polarization; many also gave type 1 responses to acoustic stimuli (Fig. 3). Visual responses type I were found in 10% of the neurons tested. Three true trisensory neurons (Fig. 6) were found among 41 completely tested units. Somatic area I , posterior gyrus sigmoideus. The majority of these neurons show responses of type 2 to labyrinthine polarization. Vestibular, visual, and auditory responses of type 1 occurred rarely. One trisensory neuron was encountered among 3 1 units sufficiently tested. Association area, gyrus lateralis anterior: about one third of these units were influenced by labyrinthine polarization. Half of them responded with initial inhibition (Fig. 4), which was diminished after repeated stimulation. Auditory responses of type 1 were rare. No visual responses of type 1, but few of type 2 were found. Motor area, gyrus sigmoideus anterior. Only a few neurons were investigated. In Fig. 8, most of the data for the motor cortex are taken from Buser and Imbert's
 
 --
 
 llghl off
 
 on Ilpht
 
 Fig. 2 Convergence and interaction of visual (type 1 ) and vestibular (type 2 ) responses at a D-neuron ojthe primary visual cortex. Simultaneous interaction of visual and vestibular stimuli results in delayed activation during light inhibition and in occlusion during dark activation. (a) activation (type I ) by light off, inhibition following light on (diffuse illumination through closed lids). (b-d) Type 2 responses to onset or cessation of cathodic and anodic labyrinthine polarization duringinhibition by illumination. (e) Occlusion of the effect of vestibular stimulation (anodic) by specific dark activation. (f) Even 6 seconds after onset of darkness, another labyrinthine polarization causes no definite additional activation. (9) 9 sec after onset of another dark stimulation, the cessation of cathodic labyrinthine stimulus produces a slight type 2 response in addition t o receding dark activation. 0.3 mA constant in all stimuli (Neuron FK 108-2). Strength of polarizing current
 
 -
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 study (1961) of acoustic and visual stimuli. Investigation of vestibular input is therefore incomplete. Anatomical data indicate that vestibular responses are to be expected.
 
 3. Neuronal responses according to sense modalities
 
 (a) Responses to optic stimuli Diffuse illumination (light on and off, flicker) elicited neuronal responses of type 1 not only in area 17 (Fig. 2), but also in many neurons of the paravisual and para-auditory areas (Fig. 1) and in a few neurons of the vestibular cortex (see Figs. 6 and 8). The visual type 1 responses in paravisual areas showed similar distinguished and reciprocal patterns of excitation and inhibition to those in the primary visual cortex. These response patterns, A-E, described in other papers (Jung, 1961 a,b) were mainly responses to light on (B-type), to light off (D-type), as well as on-off-responses (E-type). In contrast to area 17 some neurons of the surrounding areas showed greater variations in the intensity of the response with either increase or more rapid decrease after repeated stimuli. Most on-off-neurons from the paravisual areas, like E-neurons in the primary visual system, also had shorter latencies and stronger off-responses than on-responses. They might therefore be classed, according to Baumgartner’s system (1961), as on-off D-neurons belonging to the D-system which probably signals relative darkness (Jung, 1961a,b). The latencies of these light responsive neurons outside the visual area 1 were significantly longer than those of neurons in the primary visual cortex, Under our conditions of dark adaptation the latencies were 68 msec in visual area 1 and 80 msec in the paravisual areas. It is difficult to evaluate these latencies, because stimuli through closed lids were given after dark adaptation, which causes longer retinal delays. In some neurons of the paravisual areas, including Ep, combination of type 1 and 2 responses occurred which showed recruiting effects after repetitive stimulation. Pure type 2 responses to light were observed in some neurons of the vestibular and association cortex with long lasting and recruiting activation. (b)Responses to acoustic stimuli
 
 Clapping, whistles or clicks elicited type 1 responses mostly in the auditory cortex, but also in about one third of the neurons of the vestibular area (see Fig. 3). Such responses occurred only in a few neurons in the visual, somato-sensory and associative areas. Type 1 responses consisted chiefly of brief groups of spikes with short latencies of about 15 - 40 msec both in the auditory and the vestibular cortex. Type 2 responses consisted mostly of prolonged moderate acceleration of the discharge with a long and varying latency, which lasted for several seconds. They were mainly observed in the visual and paravisual cortex in all types of light responsive neurons. These responses were more clearly seen after repeated whistling than after single clicks or clapping.
 
 (c) Responses to vestibular stimuli I. Labyrinthine polarization. Cathodic and anodic polarization of the round window with threshold currents (0.05-0.15 mA) elicited responses of type 1 mainly in the
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 vestibular area. Higher currents up to 1 mA, however, caused, in all the cortical regions investigated, widespread neuronal responses of type 2 with prolonged activation at onset and cessation of polarization (d-type of Grusser et a/. 1959). Type 1 vestibular responses were localized chiefly in the vestibular receiving area of Walzl and Mountcastle (1949) (Figs. 3 and 8). These responses occurred also in about one fourth of the tested neurons in the auditory cortex and rarely in other cortical areas, as is shown by the circles in Fig. 8. The latency was always very short (4-25 msec) and the intensity of the response (activation or inhibition) was maximal in
 
 Fig. 3 Vestibular and acoustic type 1 responses of a neuron in the vestibular cortex. Alteration of direction of specific responses (a, b) into strong on-off-responses in both directions by abnormal stimulus strength (c, d). (a) Direction-dependent inhibition by weak cathodic contralateral labyrinthine polarization (about 0.1 mA). (b) Short latency activation during anodic polarization of the same labyrinth. (c) Cathodic inhibition disappeared and was changed into short latency activation by stimuli of about tenfold current strength. (d) With this higher stimulus strength the silent period following anodic threshold polarization was changed into activation. (e) Shows the type 1 acoustic response of this neuron (Neuron FK 88-1).
 
 the vestibular cortex. Type 1 showed different response types, which have been described in detail in another paper (Kornhuber and Da Fonseca 1961b). The most common responses were of the following two types : (a) activation at onset and cessation of polarization, (b) reciprocal effects with activation at onset and inhibition after cessation of polarization and vice versa after reversed direction of the polarization. In these neurons a reversal of the current direction always caused reversal of the activating or inhibiting responses. These responses in the vestibular area were obtained as well by ipsilateral as by contralateral polarization, Some neurons of the vestibular and association cortex (see Fig. 4) were inhibited at the onset and cessation of the polarization in both anodic and cathodic directions. The inhibitory responses in direction-dependent neurons were obtained only with References
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 weak currents of polarization and were changed into activation by stronger currents (about tenfold threshold strength as in Fig. 3c and d). There was no relation between neuronal discharge and the rhythm of vestibular nystagmus, except in one neuron, described elsewhere (Kornhuber and Da Fonseca 1961b), and when the eyes were open. A special inhibitory response not dependent on direction or weakness of the current was found in the association area (see Fig. 4 and p. 21 l).
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 Fig. 4 Vestibular inhibition of u neuron in the ussociation cortex
 
 (gyrus lateralis anterior) by onset as well as cessation of labyrinthine polarization in both anodic and cathodic current direction, plotted as neuronal discharge rate per second. Analysis includes only the first two stimuli in either current direction because this inhibition disappeared gradually after repetitive stimulation (Neuron FK 135).
 
 Type 2 vestibular responses (Figs. 1 and 2) were common in all the cortical regions investigated, usually with higher intensities of labyrinthine polarization from 0.31.2 mA. They consisted of long latency (30-400), and delayed activation of several seconds duration following the onset and cessation of polarization. These responses were less common in the associative cortex of the gyrus lateralis anterior. In contrast to Grusser et al. (1959) we have found also type 2 activation in the geniculate neurons, but only when they were recorded stereotaxically when the cortex was intact. In “open” experiments, when the posterior cortex and white matter were removed, this activation was lacking as it was in Grusser’s experiments (1959). Therefore a recurrent activation from the cortex must be considered for geniculate neurons as demonstrated by WidCn and Ajmone Marsan (1960). This would also explain similar results obtained by Hubel (1960) in the cat and Arden and Soderberg (1961) in the rabbit for arousal and acoustic stimuli. [I. Thermic stimulation. To control polarization effects, the homolateral labyrinth was stimulated by hot or cold water. This usually elicited neuronal activation or inhibition after hot or cold calorization. The temporal relations of these effects to the eye movements and to nystagmus were remarkably close. They are described elsewhere (Kornhuber and Da Fonseca 1961b).
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 The convergence of several modalities Activation or inhibition by specific afferent input of one modality is combined, in most neurons, with some responses to other stimulus modalities. This additional multisensory effect is, however, chiefly of the “non-specific” type 2 with late prolonged activation (Figs. 1 and 2). Type 1 “specific” multisensory convergence on single neurons with constant short latency activation was observed as bisensory convergence, mostly o f the acoustic and vestibular afferents in the vestibular and auditory areas. Trisensory convergence of the three modalities tested was rare. Bisensory neurons of type I Bisensory effects showed all combinations, visuo-acoustic, visuo-vestibular and vestibulo-acoustic convergence at the same neuron. The latter convergence of the acoustic and vestibular afferents (Fig. 3) was most often observed in the two respective areas. In other areas bisensory convergence also occurred in a few neurons only.
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 Fig. 5 Trisensory neuron ofthe primary visual cortex, showing type I responses. Responses to acoustic, visual and vestibular stimuli (anodic polarization of the ipsilateral labyrinth). Discharge rate plotted per sec on a logarithmic scale. Average of 14 visual, 7 acoustic and 6 vestibular stimuli. (Neuron FK 110).
 
 Usually the acoustic effects prevailed in the auditory, and the vestibular effects in the vestibular area. This specific prevalence and the observations of vestibulo-acoustic convergence also with weak polarization currents near threshold, make it improbable that the convergence was a pseudo-effect of peripheral origin by combined inadequate electric stimulation of both receptor mechanisms in the labyrinth. Verification by rotatory stimulation remains to be done. In a few neurons caloric stimulation showed the specific vestibular origin of the convergence effects in the vestibular area. Kcferencm p , 231-234
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 Trisensory neurons of type I Neurons responding with short and constant latencies to visual, acoustic and vestibular stimuli were rare, They were most often found in the vestibular area. All these neurons responded from a low spontaneous discharge rate with a primary brief burst and little sustained activation (type 1 a) to visual and acoustic stimuli and with somewhat longer activation or inhibition to vestibular stimuli (Figs. 5 and 6 ) . 200 100
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