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 Preface
 
 The reviews of this volume are not meant to exhaust all topics within the subject of degeneration and regeneration but rather to probe deeply into a few selected aspects of the subject. The unique morphology of the neuron with its long cytoplasmic processes and its tremendous volume of distally situated cytoplasm transfers the problem of injury and regeneration to a different setting from the case in other tissues. Destruction of nervous tissue is significant of processes of a cell and less that of the entire cell, the problem of recovery and regeneration being mainly that of the processes of the individual neuron. Unlike other tissues when damaged, there is no neuronal multiplication, accumulation of cells and differentiation of cells. Therefore, our study of degeneration and regeneration of the nervous system is primarily a study of the neuron itself, in its reaction to injury, its physiology, its structure and the nature and growth of its cytoplasmic processes. This does not mean that there are no other consequences of nerve injury. Indeed, there are profound changes but they reflect the primary injury of the cytoplasmic processes: for example, changes both in the sheaths that surround the axonal threads and in some of the organs upon which the neuron ends. All these changes will be touched upon in the volume, but it is primarily the living threads of cytoplasm that we will deal with: their morphology, function and chemistry. The Editors
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 INTRODUCTION
 
 ‘I put forward the hypothesis that in the body of the nerve cell a substance is formed from the nucleus and Nissl bodies which gradually passes into the nerve fibres; and also that stimulation of other cells by a nerve fibre is brought about by the passage of some of this substance into the cells on which the fibre acts ... The nerve cells secrete a substance the passage of which from the nerve endings is necessary to stimulation’. ‘The recovery of effect-after transient fatigue I attribute to the passage of a portion of this substance down“the nerve fibre to the nerve ending. The absence of recovery after prolonged stimulation I attribute to the whole of the substance in the nerve
 
 .
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 fibres being used up, and to their being incapable of making more when severed from their nerve cells’. These sentences were written by F. H. Scott in 1906. Audacious as they appear on the basis of the scant experimental evidence available at that early date, they formulate, in general terms, hypotheses of the chemical mediation of synaptic transmission, of perikaryal synthesis of some substances and of their transport along the axons, as well as interpretation of the disappearance of synaptic function after nerve section by the exhaustion of relevant materials and the impossibility of renewed supply. All these hypotheses are still valid although their further elaboration and replacement of general by concrete terms has been unequal. Whereas immense developments have taken place during the intervening 60 years concerning the mechanism of synaptic transmission and of protein synthesis in the perikarya, our ideas concerning the mode of transport along axons remain uncertain. This is due partly to inherent difficulties of detection and partly to the fact that relatively few investigations were undertaken with the explicit purpose of studying the movements of axonal contents. The data concerning these movements were obtained mostly in experiments in which other problems such as the site of synthesis or the physiological role of various materials were investigated together with the question of transport. The proposed interpretations dealt with all these interconnected problems and, so far as the axonal flow is concerned, often led to conflicting inferences. Thus, whereas the existence of some kind of transport of materials along axons is assumed, on various grounds, by most workers, opinions differ as to the mode of migration and the parameters of the postulated flow. The purpose of this paper is to review and analyze some of the experimental results either suggesting or directly demonstrating the existence of axoplasmic movements (for embryological data see Levi-Montalcini and Angeletti, 1962), and to try to resolve, where possible, the apparent contradictions. A comment may be useful to clarify the relations between the content of the Tables and the text in chapters concerning indirect indications of the existence of axoplasmic flow. Some of the tabulated data were obtained with other purposes in mind and the problem of axoplasmic flow was touched upon by the authors only parenthetically or not at all. The interpretation of the authors where available is noted in the Tables. The interpretation proposed in the text is mine and is sometimes in conflict with the original proposals. In some instances unpublished details of experiments or of interpretation were kindly supplied by the authors and have been acknowledged in the footnotes. I. MOVEMENTS O F A X O P L A S M I N R E G E N E R A T I N G N E R V E F I B R E S
 
 The most conspicuous shifts of axoplasm occur during the elongation of regenerating nerve fibres. The study of this phase of regeneration provided many quantitative data which greatly influenced the present concepts concerning the flow of axoplasm. It seems useful therefore to review briefly the behaviour and main features of elongating nerve fibres, although the various stages of regeneration, the formation of growth cones, the elongation of regenerating sprouts, their subsequent maturation and
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 establishment of peripheral connections, the relationship between morphological and physiological features of these processes, as well as the functional recovery of innervated organs have been subjects of extensive reviews (Cajal, 1928; Young, 1942; Seddon, 1954; Guth, 1956; Gutmann, 1958).
 
 ( a ) Fibres in nerve trunks Out of the end of the central part of a cut or crushed fibre, after a latent period of the order of days, one or several thin sprouts emerge. If the local conditions at the lesion are such that the growing sprouts may enter the nerve tubes of the peripheral stump, they grow there. The presence of Schwann cells influences the rate of elongation (Williams, 1930) but regeneration is possible also without Schwann cells, as in cornea (Rexed and Rexed, 1951; Zander and Weddell, 1951). From the very beginning the regenerating tip of the fibre is able to generate impulses on mechanical stimulation. In contrast to their poor electrical excitability the tips of regenerating fibres have a very low threshold to mechanical stimulation. It increases progressively with the ageing of regenerated parts (Konorski and Lubihska, 1946). Electrophysiological characteristics also change with progressive maturation of fibres (Berry et al., 1944; Hursh, 1939; Erlanger and Schoepfle, 1946). Both Tinel's (1915) sign and Young and Medawar's (1940) 'pinch' method are based on mechanical excitability of regenerating sprouts. They permit the measurement of the length of regenerated fibres in the early stages, before functional completion, and the estimation of the rate of elongation of fibres uncomplicated by delays introduced by reinnervation of end organs. The rate of regeneration is a few mm a day and varies little in peripheral nerves of various mammals (Table I). The only exception described so far is the trigeminal branch to the antlers of deer (Wislocki and Singer, 1946) which regenerates during their regrowth at a rate about ten times faster than that of other sensory fibres. The rate of regeneration of motor fibres, determined indirectly (Gutmann et al., 1942) seems to be somewhat slower. An indication of slower regeneration of motor fibres is also suggested by Diamond's (1959) experiments, in which impulses in ventral and dorsal roots generated by pinching the regenerating nerve were recorded. Regeneration may be induced repeatedly in the same group of axons without apparent impairment. Thus Duncan and Jarvis (1943) crushed 9 times a branch of the facial nerve in cat, obtaining after each lesion a complete recovery at similar periods of time. The rate of regeneration is very temperature-dependent (Tables I1 and 111). No elongation occurs below a certain critical value: 8" for the sciatic of frogs (Lubidska, 1952a) 26" for tissue cultures of chick embryos (Mossa, 1927) and an environmental temperature of below 2" for the caudal nerve of rats (Gamble, 1957). Above these values the rate of regeneration increases with temperature within the physiological range (Mossa, 1927; Lubiriska and Olekiewicz, 1950). Subsequent maturation of regenerating fibres is also accelerated by temperature (Gamble, 1958; Jha et al., 1959). References p. 56-56
 
 TABLE I R A T E S O F E L O N G A T I O N OF R E G E N E R A T I N G M A M M A L I A N N E R V E F I B R E S *
 
 P
 
 Animar
 
 Nerve
 
 Lesion
 
 Rate in mm/24 h
 
 Mouse
 
 Sciatic
 
 Crush
 
 2-3
 
 Wyrwicka, 1950
 
 Rat
 
 Tibial Peroneal
 
 Crush Crush
 
 3.3 2.4
 
 Konorski and Lubinska, 1945
 
 Rabbit
 
 Dorsal auricular Peroneal
 
 Crush Cut and suture Crush Cut and suture, at hip Cut and suture, at knee
 
 2.5 3.5 4.4 2.6 1.9
 
 Weddell, 1942 Gutrnann et al., 1942
 
 Median Ulnar Radial
 
 Cut and suture, at hip Cut and suture, at knee Crush Cut and suture Crush Crush Crush
 
 3.3 2.6 3.4 3.3 4.5 3.2 2.3
 
 Sciatic Peroneal Median Ulnar Radial
 
 Cut and suture Crush Crush Crush Crush
 
 3 4 4.8 4.7 4.5 4.9
 
 Phrenic Tibial Peroneal
 
 Crush Crush Crush
 
 4.8 3.7 3.4
 
 Monkey
 
 Tibial
 
 Crush
 
 3.5
 
 Konorski and Lubinska, 1945
 
 Baboon
 
 Tibial Peroneal
 
 Crush Crush
 
 3.9 2.5
 
 Konorski and Lubinska, 1945
 
 Peroneal
 
 Tibial Tibial
 
 Cat
 
 Remarks
 
 References
 
 In cross-unions tibial-peroneal Haftek, 1963 and peroneal-tibia1 the growth rate is that of the central stump Konorski and Lubinska. 1945
 
 Berry et al., 1944 Konorski and Lubinska, 1945
 
 Action potentials
 
 Erlanger and Schoepfle, 1946 Konorski and Lubinska, 1945
 
 $ ?i
 
 Deer
 
 Trigerninal
 
 Shedding of antlers
 
 15-20
 
 p
 
 Man
 
 Radial
 
 Cut and suture
 
 1.6 1.7
 
 F
 
 Median, Ulnar Sciatic Radial Radial Radial Median Ulnar Musculo-cutaneous
 
 Axonotmesis Axonotmesis Suture Suture Suture Suture
 
 3 Forearm 0.5 Wrist 2 Leg 0.5 Ankle 1.9 Elbow 0.8 Mid-forearm 1.2 Elbow 5.8 1.4 2.8 0.1 2.7 + 0.8 --f
 
 -f
 
 Sensory fibres during growth Wislocki and Singer, 1946 of new antlers Rate fast Seddon ef al., 1943 Motor recovery initially Tinel's sign ( then slowing down Sunderland, 1947 Tinel's sign Tinel's sign Initial rate Tinel's sign Tinel's sign depends on
 
 '
 
 1
 
 Motor recovery Motor recovery Motor recovery Tinel's sign Tinel's sign Tinel's sign
 
 Sunderland and Bradley, 1952
 
 In developing animals : Regeneration. Histological methods
 
 Cajal, 1928
 
 Cats, dogs and Sciatic rabbits several weeks old
 
 2-3
 
 Rat 1-3 days old Caudal cutaneous nerves 4 2 6 days old Caudal cutaneous nerves
 
 2 2.8
 
 Growth Growth
 
 Lubiriska (unpublished)
 
 Embryo of guinea-pig
 
 Pyramidal tract
 
 6 1
 
 Growth. Histological methods
 
 Kimel and Kavaler, cited by Flexner, 1950
 
 Chick embryo 3 days
 
 Not stated
 
 0.24
 
 Growth. Histological methods
 
 Cajal, 1928
 
 z
 
 m
 
 * The data collected in this Table were obtained directly on the regenerating fibres. Transsynaptic tests were used only for human motor fibres. For other rates of regeneration, estimated from times of functional recovery, see Gutmann er al. (1942). The character of regenerating fibres is undetermined in the data obtained by histological methods or by testing the action potentials. All other data concern sensory fibres.
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 T A B L E I1 RATES OF E L O N G A T I O N OF REGENERATING A M P H I B I A N NERVE FIBRES
 
 Animal
 
 Temperature "C
 
 Rate in mm/24 h
 
 Remarks
 
 References
 
 Nerve
 
 Lesion
 
 Toad, Bufo bufo
 
 Sciatic
 
 Crush
 
 9.1 12.1 15.7 21.8 25.8
 
 0.6 0.6 0.6 1.o 1.4
 
 Lubinska and Olekiewicz, 1950
 
 Frog, Rana esculenta
 
 Sciatic
 
 Crush
 
 8.9 12.5 17.1 21.9 25.9
 
 0.6 0.6 0.8 1.2 2.2
 
 Lubihska and Olekiewicz, 1950
 
 Cut
 
 -
 
 0.48
 
 cut
 
 -
 
 0.4-1.4 0.2-2.0
 
 Cut
 
 20
 
 0.3 In Schwann sheaths 0.12 Without sheaths
 
 Figures corrected for latent period Williams, 1930 Figures corrected for latent period
 
 Cut
 
 20
 
 0.4 In Schwann sheaths 0.12 Without sheaths
 
 Figures corrected for latent period Figures corrected for latent period
 
 Salamander
 
 Cutaneous branches in the tail
 
 Hyla crucifer, tadpole
 
 Cutaneous branches in the fin
 
 Rana sylvatica, Cutaneous branches tadpole Hyla crucifer, tadpole
 
 Lateral line nerve
 
 r P
 
 c
 
 z
 
 z * jr:
 
 Observed for 1 h. Average over longer periods is lower
 
 Speidel, 1935b
 
 Outgrowth of new fibres Regeneration
 
 Speidel, 1933, 1950 Speidel, 1935a
 
 Williams, 1930
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 It is not clear, as yet, whether the rate of regeneration changes with the distance of fibre tips from cell bodies. Whereas both in the rabbit (Gutmann et al., 1942) and in frogs and toads (Lubinska and Olekiewicz, 1950), the rate of advance of regenerating fibres appears to be constant throughout the length of the nerve, in man a declining rate of regeneration along the limbs and a marked fall (to about 1/6) in the wrist and the foot were observed (Seddon et al., 1943; Sunderland, 1947; Sunderland and Bradley, 1952). Since the rate of regeneration is greatly influenced by temperature, the strong decrease of the rate in the distal parts of human nerves is probably at least partly due to temperature gradients along the limbs. However even when precautions were taken to maintain a constant temperature along the regenerating nerve (Haftek, 1963) a difference of rates appeared (in the rabbit) according to the distance of the lesion from cell bodies, faster growth being observed with more proximal lesions. The initial rate was in each case maintained throughout later regeneration. These experiments seem to indicate that only the level of lesion and not the distance travelled by axon tips influences the rate of regeneration. (b) Individualfibres in vivo and in culture Whereas the study of regenerating nerve trunks at daily intervals indicates a steady advance of regenerating fibres, direct microscopical observations of individual fibres reveal a more complex behaviour. The main source of information concerning the behaviour of individual growing and regenerating fibres in vivo is Speidel’s (1932, 1933, 1935a, b, 1950) remarkable series of experiments in which cutaneous nerves in the dorsal fin of tadpoles were observed over long periods in intact animals. He describes the emission of new nerve sprouts, the proliferation of primitive Schwann cells, their migration between and along fibres, their orderly application to successive stretches of axons, and formation of myelinated internodes in normal development and during regeneration. Speidel also studied the influence of various factors on the behaviour and appearance of axons and myelin and the sequence of changes in fibres undergoing Wallerian degeneration. The growing axons present terminal enlargements, growth cones, with many branching pseudopods. The growth cones advance through the tissues by typical amoeboid motion, pseudopods being incessantly extended and retracted. The encountered obstacles may block the progress, causing enlargement of the growth cone and further branching at or near the tip. The branching may be temporary or permanent. Rarely the terminal portion of the axon is pinched off and degenerates. Sometimes the fibre recedes, A growth cone about to retract draws in its filamentous processes and becomes smoothly rounded. After a time the advance is resumed. Thus the elongation of fibres is intermittent, periods of advance alternating with those of arrest or retraction. The back and forth movements of axoplasm are not confined to the growth cones. Slow protoplasmic streaming of both granular materials and clear neuroplasm may be discerned along the axons. It occurs in both directions but the flow towards References p. 56-66
 
 T A B L E I11 RATES OF ELONGATION OF GROWING A N D R E G E N E R A T I N G FIBRES I N TISSUE C U L T U R E S *
 
 Animal Rana palustris, embryo
 
 Tissue
 
 Temperature in "C
 
 Walls of the neural tube, primordia of cranial ganglia
 
 Rate in mm/24 h
 
 References
 
 0.37-1.34
 
 Harrison, 1910
 
 Chick embryo
 
 Various parts of the nervous system
 
 38
 
 0.56
 
 Levi, 1934
 
 r
 
 Chick embryo, 7 days incubation
 
 Mesencephalon Mesencephalon Mesencephalon Mesencephalon Mesencephalon
 
 26 37 38 39 41
 
 0.06 0.20 0.43 0.79 0.34
 
 Mossa, 1927
 
 r
 
 Chick embryo, 8-12 days incubation
 
 Spinal ganglia Dissociated neurons from spinal ganglia
 
 37 37
 
 0.41 0.16
 
 Nakai, 1956
 
 Chick embryo, 7-12 days incubation
 
 Lumbar ganglion Midbrain
 
 -
 
 1.2 0.62-1.01
 
 C
 
 2. v1
 
 R
 
 P
 
 Hughes, 1953
 
 * Most of these observations were made on regenerating fibres or on mixtures of growing and regenerating fibres. The initial outgrowth from neuroblasts is seen only in Harrison's experiments, where parts of the neural tube were explanted before differentiation. All observers stress the discontinuous character of elongation, intervening periods of rest and variable velocities at various moments.
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 growth cones predominates. Speidel stresses the close resemblance of behaviour of nerve fibres in living tadpoles and in tissue cultures. In cultures in vifro the amoeboid activity of the ends of growing nerve fibres, involving incessant changes of shape and formation and disappearance of branches was
 
 Fig. 1. Terminal part of an axon in tissue culture (from the dorsal root ganglion of an 8-day-old chick embryo). Vacuole taken in at the tip migrates in the axon in cellulipetal direction. Time intervals indicated in min. (From a film of C. M. Pomerat kindly supplied by the author.) References p. 5 6 4 6
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 first described by Harrison (1910) and was seen by all later workers. The advance of growing tips in culture is also variable and intermittent. Average rates are shown in Table 111. Bidirectional migration of mitochondria and other granules along the axons and ascent of droplets (Fig. 1) pinocytozed at the endings was seen in cultures from various parts of the nervous system of various animals (Matsumoto, 1920; Hild, 1954; Hughes, 1953;Hayden et al., 1954; Nakai, 1956; Geiger, 1958; Rhines, 1959, and many others). This incessant movement of particles up and down the axons in tissue cultures is conspicuous in the beautiful films of Pomerat (1960) and Nakai (1956), unfortunately irreproducible here. The bidirectional pattern of streaming is not a particular characteristic of growing axons. It was seen in many types of elongated cells or cell processes in plants, protozoa and cultures in vitro of metazoan tissues. For example, Jahn and Rinaldi (1959) describe cytoplasmic streaming in reticulopods of a Foraminiferan, Allogromia. The configuration and dimensions of these thin processes, a few microns in diameter and up to 15 mm in length, resemble those of axons. In every pseudopod the streaming occurs always simultaneously in both directions. In radial reticulopods one stream goes toward the body and the other away from the body. In reticulopods that form cross-connections of the reticulum, each stream goes in the direction opposite from the other. In thin pseudopods all of the visible granules are streaming. The granules can be traced individually as they move to the tip of the filament and then turn 180" around the tip and start back toward the base of the filament. In larger pseudopodia many narrow pathways of the stream lying side by side are observed. The rate of streaming under conditions of observation was about 8-1 5 ylsec. A very wide range of rates of streaming was observed in various materials. In plant cells the velocities are of several microns per second in root hair and pollen tubes, 40-80 p/sec in the internodes of Characeae and over a millimetre per second in plasmodia (Kamiya, 1959). In animal cells the streaming is usually considerably slower. The streaming is influenced by a great variety of external and metabolic factors. It may be arrested for a while by mechanical, electrical or optical stimulation and resumed shortly afterwards. In Characeae the cessation is correlated with the occurrence of action potentials. The vast experimental material obtained on plant cells is analyzed in Kamiya's (1959) monograph. In regenerating nerve fibres in culture two types of axoplasmic motion may be detected : a bulk advance of axoplasm in the proximo-distal direction and a bidirectional streaming in the axons as visualized by movements of axoplasmic inclusions. What is the relation between these phenomena? The answer to this question is suggested by the study of velocities of both processes. In a few cases the rate of axoplasmic streaming and that of elongation of fibres, both very variable, were measured under the same experimental conditions. The velocity of streaming was found to be 8-40 times higher than that of elongation. These results are shown in Table IV which also includes data calculated from other types of experiments showing similar ratios of velocities of both processes.
 
 TABLE I V C O M P A R I S O N OF RATES O F R E G E N E R A T I O N A N D O F A X O P L A S M I C S T R E A M I N G
 
 PLlh
 
 Rate of regeneration Plh
 
 Ratio of rates
 
 51
 
 840
 
 Hughes, 1953
 
 945
 
 Nakai, 1956
 
 Rate of axoplasmic streaming Marerial -~
 
 Basis of calculation
 
 References
 
 ~
 
 Chick spinal ganglia in culture
 
 Ascent of pinocytozed vacuoles
 
 420-2000
 
 Dissociated neurons from chick spinal ganglia in culture
 
 Ascent of pinocytozed vacuoles
 
 60-300
 
 Rabbit, hypoglossal
 
 Migration of radioactive tracers
 
 1700
 
 82
 
 21
 
 Miani, 1962
 
 Dog, peroneal Dog, tibia1
 
 Accumulation of AChE at cut ends of fibres
 
 1430
 
 141 154
 
 10 18
 
 Lubinska etal., unpublished
 
 2700
 
 Frog, kept at 25", sciatic
 
 Accumulation of AChE at cut ends of fibres
 
 650
 
 80
 
 8
 
 Niemierko and Zawadzka, unpublished*
 
 430
 
 0
 
 -
 
 Frog, kept at 8", sciatic
 
 6.7
 
 v
 
 rn
 
 *
 
 m
 
 I am greatly indebted to Dr. S. Niemierko for permission to use unpublished results.
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 There seems to be a connection between the rate ofgrowth and the rate of streaming. In plants the growth promoting substances accelerate also the rate of streaming (Kelso and Turner, 1955), the optimal concentration for stimulation ,being similar for both processes. In cultures of dissociated neurons from chick spinil ganglia both growth and axoplasmic streaming are much slower than in the usual type of culture of these ganglia (cf: Table IV). The relation is not a simple one, however. Thus, in frogs kept at 8" the rate of axoplasmic streaming is only slightly reduced as compared with that of frogs kept at 25" (Niemierko and Zawadzka, personal communication) whereas the regeneration of fibres is completely arrested at 8". The elongation of a fibre seems to reflect the difference between the amount of materials transported from the cell body to the axon tip and that flown back along the axon to the cell body and is not directly dependent on the absolute rate of streaming. Similar relations were observed between the rate of streaming (Allen, 1961) and that of advance of pseudopods in Amoebae (Mast and Prosser, 1932). Summary
 
 Attention is focussed in this chapter on two sets of facts involving movements of the axoplasm in regenerating nerve fibres. (1) When regeneration is studied in nerve trunks by usual methods, that is when the advance of growing tips of a huge axonal population is followed at daily or longer time intervals, a steady elongation of fibres by several millimetres a day is observed, indicating bulk shifts of axoplasm in the proximo-distal direction. (2) When experiments are made under conditions of a better temporal and spatial resolution, by continual observations under the microscope of individual growing or regenerating fibres, a more complex pattern of axoplasmic movements emerges. The tips of fibres exhibit intense amoeboid activity, pseudopods are incessantly emitted and withdrawn, the advance of growth cones is irregular, its velocity changes from moment to moment, periods of rest or retraction alternate with those of advance. Besides the amoeboid activity at axon tips a bidirectional streaming of materials is seen in the fibres. Granules and vacuoles migrate in both directions, up and down the axons. A similar pattern of cytoplasmic streaming was observed in many other types of cells. The rate of intraaxonal migrations is many times greater than that of advance of growth cones. The rapid bidirectional streaming of axoplasm on the one hand, and the relatively slow growth of fibres in the proximo-distal direction on the other, suggest that the latter reflects the difference between the amount of axoplasm transported to the axon tip and that flown back towards the cell body in the investigated time interval. 11. M O V E M E N T S O F A X O P L A S M I N N E R V E F I B R E S S E P A R A T E D F R O M T H E I R C E L L
 
 BODIES
 
 Few characteristics of nerve fibres are altered immediately after nerve section. Various physiological and morphological changes develop progressively at different rates.
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 The huge literature concerning Wallerian degeneration is full of conflicting data concerning the time course and the spatial sequence of the observed changes. This is due partly to the extreme variability of the observed phenomena and partly to different criteria used to estimate the loss of function. (a) Observations on individual cut nervejibres and anucleatedcellfragments of other cells
 
 The fate of peripheral parts of nerve fibres separated from their cells of origin was followed under the microscope in vivo by Speidel (1935a) and in tissue culture by many workers. Before it finally degenerates, a cut nerve fibre continues for many hours the activity it manifested before the transection. The growth cone advances, filopods are put forward and withdrawn, back and forth movements of granules are visible along the axon. Pinocytosis continues and the droplets taken in a t the tip ascend the axon and may accumulate at the opposite end of the fibre (Hughes, 1953). Often a bulbous enlargement appears at the proximal end of the cut segment and a new set of filopodia and ruffling membranes is emitted there (Levi, 1925, 1934; Hughes, 1953). The maintenance of cytoplasmic streaming in surviving anucleated fragments of cells was often observed in other materials. Jahn and Rinaldi (1959), sectioning at both ends a filopod of Allogromia, observed the two-way streaming immediately after the cuts were made. Soon such fragments rounded up and extended several fine pseudopodia which also exhibited the two-way streaming exactly similar to that of the intact organism. Allen et al. (1960) describe organized streaming in portions of Amoeba cytoplasm aspired into a capillary tube. In such portions, deprived of cell membrane, the streaming either continues uninterrupted or is resumed after a short arrest. The pattern of streaming is initially similar to that of the intact pseudopod and later breaks into several U-shaped elements in which the flow along each arm goes in opposite direction*. Thus, neither the integrity of the cell nor the presence of the ectoplasmic tube are necessary to maintain the streaming. The disorganization of streaming sets in only when the cytoplasm becomes moribund. The pattern of streaming is very stable under a variety of experimental conditions (see Kamiya, 1959). It is not easily disturbed even by multiple surgical divisions of the cell. Thus, when successive portions of an internode of Nitella were tied off, after each operation streaming at the former rate of 65 p/sec was soon resumed in the remaining fragment of the internode (Kuroda, 1958, quoted by Kamiya, 1959). The persistence of streaming in fragments of the internode indicates, as Kamiya has pointed out, that the factors generating the flow are not confined to particular loci in the cell but are present everywhere in the cytoplasm, probably arising in the
 
 * Note addedh proof: Bidirectional flow appears also under appropriate conditions in the cytoplasm of Amoebae separated by centrifugation from nuclei and heavy particles and gently homogenized. When the cytoplasm is kept at 4" only Brownian movement of granules is visible. Addition of ATP induces organization of movements. Streams of granules arranged in parallel lines are seen moving in opposite directions through the bulk of cytoplasm at rates of up t o 80 p/sec (Thompson and Wolpert, 1963). Rcferencer p . 56-66
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 material itself. Similar views were expressed by other workers (Jahn and Rinaldi, 1959; Stewart and Stewart, 1961). (b) Experiments on nerve trunks and tracts of white matter
 
 The observations on individual fibres separated from their cell bodies suggest that in the study of cut nerve trunks two phases should be distinguished. An early stage of incipient degenerative changes in which the physiological properties of nerve fibres are practically unaltered, and a stage of fully developed Wallerian degeneration characterized by disintegration of axons and by intense proliferation of Schwann cells. The persistence of axoplasmic streaming can be expected only in the stage preceding the breakdown of axons into ovoids. ( 1 ) Proximal end of the peripheral stump The fate of the peripheral stump in the initial period following the sectioning of the nerve was less extensively investigated than that in the later stages of degeneration. In a few experiments however a close similarity of behaviour of cut fibres in nerve trunks and in culture was detected. Thus, Ranson (1912) in dogs and Cajal (1928) in young cats give the following description of early changes occurring near the site of section of the sciatic nerve. One day after transection at the upper end of the peripheral stump the fibres have emitted many thin lateral branches and both the branches and the blind ends of parent fibres produced bulbous terminal enlargements. Many of the bulbs have grown up to the edge of the stump. The picture was initially similar to that observed at the end of the proximal stump but the subsequent evolution was different. In the distal stump the growth of lateral branches and the formation of end bulbs did not progress after the first day. It remained stationary during 3-4 days and later the branches and bulbs disappeared. These phenomena, called ‘abortive regeneration’ by Ranson and ‘ephemeral regenerative reactions’ by Cajal, show that in the cut fibres in the nerve trunk the streaming of axoplasm continues for about a day after operation. The new growth cones exhibiting amoeboid activity are formed at the proximal end of fibres of cut nerve trunks in vivo. They resemble closely those described by Hughes (1953) and Levi (1934) in cut fibres in tissue cultures. It will be seen later that this survival of streaming provides important clues for interpretation of many phenomena observed after nerve section. (2) Nerve terminals and synaptic transmission After division of the nerve the earliest signs of degeneration appear at nerve endings. Ranvier (1 878) was the first to observe the early destruction of the nerve endings and the fragmentation of intramuscular nerve twigs after section at a time when scarcely any change is seen in fibres in the nerve trunk. He studied this stage of degeneration in various laboratory mammals, young and adult, in birds, lizards and frogs and found that the failure of neuromuscular transmission coincides with degeneration of the endings. Ranvier’s observations have been confirmed since by many workers on
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 various animals (Huber, 1900; Titeca, 1935; Gutmann et al., 1955, Lissak et a]., 1939). Similar relations were observed at interncuronal synapses. In the superior sympathetic ganglion of the cat the transmission is affected much earlier than the conduction of impulses along the sectioned preganglionic trunk (Davidovich and Luco, 1956). A sharp drop in the acetylcholine content (Maclntosh, 1938, Feldberg, 1943) in the ganglion accompanies the arrest of synaptic transmission. After section of dorsal roots the conduction of impulses remains normal for 80 h whereas the first disturbances of transmission to motoneurons in the monosynaptic arc appear in about 30 h and transmission is completely abolished in 72 h (Vera and Luco, 1958, Kostyuk and Savoskina, 1963, Kostyuk, 1963). With the eleztron microscope De Robertis (1959) found ?welling of endings, agglutination and lysis of synaptic vesicles and disintegration of mitochondria at the time when synaptic transmission fails in the acoustic ganglion after destruction of the cochlea. The early appearance of degenerative changes is not limited to the synaptic region. The intramuscular twigs and the terminal portions of fibres in cutaneous nerve plexuses (Weddell and Glees, 1942; Weddell and Zander, 1951) also degenerate much earlier than the fibres in the nerve trunks. No modern explanation of this difference seems to have been offered. Ranvier, who thought that degeneration is due to activities of Schwann cells, attributed the early breakdown of the intramuscular twigs to the fact that the internodes are shorter there than in nerve trunks and, consequently, there are more Schwann cells for the same length of fibres, thus accelerating the process of degeneration. This idea of Ranvier does not seem to have been taken up. It is to some extent confirmed by his own findings that in very young animals (where internodes are short), the cut nerve fibres degenerate more rapidly than in adults. It should not be difficult to test his hypothesis directly by comparing the rate of degeneration of regenerated nerve fibres with that of unaffected parent fibres in the same nerve trunk. The duration of survival of synaptic transmission in severed nerve fibres seems to depend on the functional load. Abrams and Gerard (1953) in the frog sciatic and Cook and Gerard (1931) in the sciatic of dog found that intense electrical stimulation reduces slightly the time of maintained synaptic transmission as compared with that of the resting nerve. Gerard (1932) attributed these results to a more rapid exhaustion during activity of the respiratory enzymes initially present in the fibres. The time course of development of several changes at the synapse was seen to depend on the length of the peripheral stump left in continuity with the end organ. With longer peripheral stumps the nerve endings degenerate later (Gutmann el al., 1955) and the disturbances of the synaptic transmission at the neuromuscular junction (Eyzaguirre et al., 1952) and in the superior cervical ganglion (Davidovich and LUCO, 1956) develop more slowly. Many transsynaptic changes, such as the onset of fibrillation and hypersensitivity to acetylcholine (Luco and Eyzaguirre, 1955) as well as diyturbances of metabolism of the denervated muscle (Gutmann, 1962) are also delayed. This delay in the onset of changes when the peripheral stump is long seems to indicate that the maintenance of synaptic integrity may depend on the amount of certain relevant substances stored in the peripheral stump. It also suggests that some References p . 56-66
 
 TABLE V TIME O F A P P E A R A N C E O F C H A N G E S A F T E R N E R V E S E C T I O N
 
 Animal
 
 Nerve
 
 Changes
 
 Time at which changes appear
 
 Remarks
 
 References
 
 -
 
 I . Nerve endings Man Median
 
 Decrease of maximal contraction Landau, 953 after 48 h
 
 Disappearance of neuro-muscular transmission
 
 94-121 h
 
 Facial Ulnar
 
 Disappearance of neuro-muscular transmission Disappearance of neuro-muscular transmission
 
 66-91 h 71-128 h
 
 Monkey
 
 Ulnar Median
 
 Disappearance of neuro-muscular transmission Disappearance of neuro-muscular transmission
 
 72 to 89 h 54 to 72 h
 
 Landau, 953
 
 Dog
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 96 h
 
 Ranvier, 1878
 
 Dog
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 67 h
 
 Maximal motor effect persists 3 W h
 
 Cook and Gerard, 1931
 
 Cat
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 30 h
 
 Nerve conduction unaffected
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 48 h
 
 Earlier in young animals
 
 Titeca, 1935 Ranvier, 1878 4
 
 Rabbit
 
 -=
 
 ~
 
 ~~~
 
 I
 
 T
 
 Axonal excitability mostly intact Gutmann ef a!., in the trunk 1955
 
 32 h*
 
 Sciatic
 
 Disintegration of endings and disappearance of neuro-muscular transmission Disintegration of intramuscular twigs
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 48 h
 
 Ranvier, 1878
 
 Rabbit
 
 Sciatic
 
 Guinea-pig
 
 70 h
 
 Rat
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 48 h
 
 Ranvier, 1878
 
 Pigeon
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 72 h
 
 Ranvier, 1878
 
 Frog
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 10-30 days
 
 Ranvier, 1878
 
 Frog
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 10 days at 20"
 
 Frog
 
 Sciatic
 
 Disappearance of neuro-muscular transmission
 
 Accelerated by increasing tern- Titeca, 1935 perature. Nerve conduction unaffected Parker, 1933 16-20 days* at 18"
 
 P
 
 P
 
 C
 
 z2. UY
 
 x >
 
 5 2
 
 f
 
 Fishes
 
 -
 
 Disappearance of neuro-muscular transmission
 
 Cat
 
 Preganglionic cervical sympathetic
 
 Decrease of synaptic transmission tested by con- 2 M O h traction of the nictitating membrane
 
 Completely abolished at 45-72 h Coppee and Bacq, when conduction in the trunk 1938 is unaffected
 
 Cat
 
 Cervical sympathet ic ganglion
 
 Sharp decrease in ACh content of the ganglion 48-72 h and disappearance of synaptic transmission
 
 ACh falls by 74 76 when synaptic transmission fails completely
 
 Cat
 
 Preganglionic cervical sympathetic
 
 Disturbances of synaptic transmission
 
 Nerve cut close to the ganglion Davidovich and on one side and far on the other. Luco, 1956 Changes appear earlier with short preganglionic stump.
 
 Cat
 
 Dorsal roots
 
 Decrease of monosynaptic reflex at motoneurons 50 h
 
 Records from ventral roots. Vera and Luco, Fatiguability, intensified and 1958 prolonged posttetanic potentiation Conduction in the dorsal roots unaffected at that time
 
 P
 
 2
 
 4
 
 Disappearance of monosynaptic reflexes
 
 up to 6 weeks
 
 8CL90 h
 
 Ranvier, 1878
 
 MacIntosh, 1938
 
 Cat
 
 Dorsal roots
 
 Guinea-pig
 
 Acoustic ganglion
 
 Rabbit
 
 Cutaneous plexus in the ear
 
 Degeneration of terminals
 
 12 h
 
 Weddell and Glees, 1942
 
 Frog tadpole
 
 Cutaneous nerves in the fin
 
 Breaking into ovoids
 
 6h
 
 Speidel, 1935a
 
 Fibrillation and hypersensitivity to ACh
 
 9C120 h*
 
 II. Transsynaptic effects Cat Nerve to tenuissimus
 
 24 h Decrease of monosynaptic reflexes at motoneurons Disappearance of monosynaptic reflexes 72 h Agglutination and lysis of synaptic vesicles, dis- 22 h appearance of synaptic transmission
 
 Intracellular recording from motoneurons
 
 Kostyuk, 1963
 
 De Robertis. 1959
 
 5P
 
 c
 
 m
 
 Proximo-distal spread of disturb- Luco and Eyzaguirre, ance a t 48 mm/day initially, slowing down at later stages 1955 4
 
 Continued overleaf
 
 T A B L E V (continued) Time at which changes appear
 
 Remarks
 
 References
 
 Animal
 
 Nerve
 
 Changes
 
 Rat
 
 Sciatic
 
 Glycogen content of muscle
 
 24 h*
 
 Greater with longer stumps
 
 Gutmann ef al., 1955
 
 Rat
 
 Sciatic
 
 Metabolic overshoot reactions
 
 24 h*
 
 More pronounced with longer stumps
 
 Gutmann, 1962
 
 Rat
 
 Phrenic
 
 Transitory hypertrophy of muscle
 
 7-14 days
 
 Increased content of contractile Stewart and and plasma proteins Martin, 1956
 
 Chicken
 
 Neive to m. Hypertrophy of the muscle. Increase in dry 2 weeks anterior weight of 50 to 110% latissimus dorsi
 
 Increased size of muscle fibres Feng et al. and increased content of non1963 connective tissue proteins
 
 111. Fibres in nerve trunks
 
 Erlanger and Schoepfle, 1946
 
 Dog
 
 Phrenic
 
 Disappearance of nerve impulses
 
 4 days
 
 Failure at random loci
 
 Cat
 
 Sciatic
 
 Disappearance of nerve impulses
 
 4 days
 
 Simultaneous in the whole trunk Titeca, 1935
 
 Rabbit
 
 Sural
 
 Breakdown of fibres and disappearance of nerve impulses Peroneal, in vivo Breakdown of fibres and disappearance of nerve impulses In Ringer in vitro Breakdown of fibres and disappearance of nerve impulses In dead animal Disappearance of nerve impulses. No breakdown of fibres
 
 63-80 h
 
 Simultaneous in the whole trunk Gutmann and Holubar, 1950 Simultaneous in the whole trunk
 
 Rabbit
 
 Phrenic
 
 Demyelination at the nodes
 
 Frog
 
 Sciatic
 
 Disappearance of nerve impulses
 
 less than 48 h* 22 days at 20”
 
 72-80 h 36 h 2-4 h
 
 Spreads in the proximo-distal direction
 
 Causey and Palmer, 1953 Titeca, 1935
 
 Fatiguability, delayed recovery, increased staining with methylene blue
 
 2 days* at 20" Disturbances detectable only at
 
 Ll
 
 P
 
 Catfish
 
 N. to lateral line Alteration of myelin and neurofibrils
 
 IV. Fibres in central tracts Pyramidal tract Man
 
 11-13 days*
 
 Titeca, 1935 a transient stage. Spread along the nerve in theproximo-distal direction at a rate of 20 mrn a day Proximo-distal spread along the Parker and Paine, 1934 nerve at a rate of 20-30 rnm a day. Calculated from observations of symmetrical nerves cut at various times
 
 X 0 V
 
 r
 
 Breakdown of fibres
 
 3 days
 
 Simultaneous in the whole tract
 
 Glees, 1948
 
 >
 
 Lassek, 1946
 
 3
 
 Verhaart and Van Crevel, 1961
 
 Monkey
 
 Pyramidal tract
 
 Breakdown of fibres
 
 7-15 days
 
 Cat
 
 Pyramidal tract
 
 Breakdown of fibres
 
 Starts after 3 days complete in 6 months
 
 Cat
 
 Efferent mammillary tract
 
 Breakdown of fibres
 
 Starts at 10 days
 
 Lizard
 
 Optic nerve
 
 Breakdown of fibres
 
 12-34 days at 30"
 
 No degeneration in 17 days at Armstrong, 1950 room temperature
 
 Lizai d
 
 Ventral longitudinal bundle
 
 Breakdown of fibres
 
 Starts after 8-1 5 days *
 
 Possibly spreads in the proximodistal direction
 
 *
 
 ?
 
 Goldby and Robinson, 1961
 
 The results in which the length of the periphexal stump influenced the time of appearance of changes or where a spread of the disturbance along the nerve was detected are marked by an asterisk.
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 kind of transport continues for a time in the peripheral stump so that materials may be brought to the end-plate region from the remote proximal parts of the stump. It should be stressed that these phenomena are transient in character and detectable only at very determined stages after nerve section. They always precede gross manifestations of degeneration in the trunks.
 
 (3) Fibres in nerve trunks Fine cytological changes in cut nerves were observed with electron microscope as early as 24 h after section by Vial (1958), Ohmi (1961), and Honjin et a/. (1959) at a period when electrophysiological properties of fibres are practically unaltered. It is well known from other sources that deep morphological alterations of fibres under various experimental conditions may develop without impairment of action potentials (Sato and Schneider, 1954; Denny-Brown and Brenner, 1944). The most dramatic illustration of this point is provided by experiments on giant fibres of the squid which continue to propagate impulses after removal of about 95 % of their axoplasm (Baker et a1.,1961). It is true that in these emptied fibres a layer of axoplasm of several microns is preserved at the fibre surface. This is more than many normal vertebrate fibres have at their disposal. The time at which severed fibres break up into ovoids varies from species to species. It is very variable also in different fibres from the same animal. Numerous attempts to correlate the resistance to degeneration with the physiological character of fibres or with their dimensions were not very successful. The sensory fibres are believed to degenerate earlier than the motor ones and small diameter fibres earlier than large fibres. It may often be seen, however, that of two neighbouring fibres of the same caliber one is completely broken into ovoids whereas the other preserves an almost normal appearance. Practically all peripheral nerve fibres of laboratory mammals are completely disintegrated in 4-8 days. Central fibres usually survive longer and degenerate at very scattered rates (cf. Table V). A remarkably long survival, of up to 6 months was described in the axons of the pyramidal tract in cat (Van Crevel, 1958; Verhaart and Van Crevel, 1961). In amphibians and fishes the integrity of cut nerve fibres is preserved much longer than in mammals. This is probably due to differences in temperature since lowering of temperature considerably delays both the degeneration of nerve fibres and the time of disappearance of synaptic transmission. The question whether the degeneration begins simultaneously in the whole length of degenerating fibres or spreads progres sively from the site of lesion towards the periphery is not definitely settled. Earlier results pointed to a progressive spread of degeneration but the criteria used to detect it were not always adequate. The increase of both muscular contraction (Parker, 1933) and of the compound action potential (Rosenbluth and Del Pozo, 1943) observed when a cut nerve is stimulated in the mote distal parts may be due to other factors than the proximo-distal spread of degeneration along the nerve fibres. More recent experiments seem to indicate that, apart from terminal branches, in the peripheral nerves both morphological disintegration
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 and failure of conduction seem to occur simultaneously throughout the length of fibres (Erlanger and Schoepfle, 1946; Gutmann and Holubar, 1950). A few subtler changes however were seen to spread along cut fibres in the proximo-distal direction. Thus, one of the early alterations appearing after nerve section, the retraction of myelin from the nodal region, begins near the site of lesion and involves progressively more distal parts of the nerve (Causey and Palmer, 1953). In the lateral line of catfish (Parker, 1932) a structural change of myelin progresses along cut fibres at a rate of 20-30 mm a day. After nerve section the fibres become more fatiguable (Titeca, 1935). The fatiguable stretch is also more easily stained by methylene blue than the unaltered parts of fibres. In the sciatic of frog both fatiguability and increased stainability begin near the site of section and advance along the nerve in the peripheral direction at a rate of about 20 mm a day (at 20"). There are indications that in the tracts of white matter even the fragmentation of fibres may spread in the proximo-distal direction and the time of survival of fibres may be influenced by the length of the peripheral stump. For discussion see Goldby and Robinson (1961). Is there a biochemical cause of breakdown into ovoids of axons separated from their perikarya? Whereas the idea of depletion of some essential substances in cut nerve fibres was corroborated by experimental findings concerning the disappearance of synaptic transmission, no determined chemical change was, so far, correlated with disintegration of nerve fibres. The main difficulty here is due to the intimate anatomical association of axons with Schwann cells so that chemical determinations are nearly always made on a mixture of both cellular components. The exceptions are the analyses of the extruded axoplasm (Maxfield, 1953; Thornburg and De Robertis, 1956) and the beautiful separation of axoplasm from Schwann cell in the neurons from Deiters nucleus made by Edstrom (1960) and Edstrom et al. (1962) who succeeded in determining the composition of nucleotides in each of these cellular components of the fibre. In degenerating nerves however no such separation was as yet attempted. Since in the Wallerian degeneration the destruction of axons overlaps in time with proliferation of Schwann cells, it would be anticipated that substances of axonal origin will decrease in amount whereas those of Schwann cell will increase. With the exception of nuclear components however, such an assumption may not be correct, because proliferating Schwann cells may acquire new metabolic features after disappearance of axons (cf. Lubinska, 1961). Some recent work on the ACh system after denervation (Birks et al., 1960; Mitchell and Silver, 1963) seems to confirm such possibility. In spite of lack of conspicuous success in determining the nature of substances responsible for the maintenance of integrity of nerve fibres, the prevailing tendency at present is to ascribe the fragmentation of fibres to a chemical depletion in terms not very different from those used by Scott in 1906. It is assumed that some proteins necessary for axonal metabolism or their precursors cannot be manufactured in the axons since these lack ribosomal RNA necessary for protein synthesis and that the fibre perishes after separation from the cell body when References p . 56-66
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 the proteins stored in the cut segment are used up and cannot be replenished by a new supply from the perikaryon. Certain facts suggesting the possibility of axonal synthesis of an enzyme, acetylcholinesterase (Koenig and Koelle, 1961; Clouet and Waelsch, 1961) seem to undermine somewhat the generality of this theory. The problem was discussed recently by Waelsch and Lajtha (1961). The current tendency to look for a biochemical origin of degeneration of fibres has led to a certain neglect of purely physical factors which may be responsible both for
 
 Figs. 2-15. For legend see p. 23.
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 the maintenance of continuity of normal fibres and for their fragmentation-after nerve section. An elongated liquid or semiliquid thread is essentially unstable since every liquid surface tends to contract to the smallest possible area under influence.of surface tension. A cylinder will tend to assume an unduloid outline and then break up into a series of droplets. The time during which a liquid cylinder may maintain its shape depends on a series of parameters such as diameter, surface tension and viscosity of the liquid, external pressure and a series of other factors (cf. Kuhn, 1953). The ovoids in degenerating nerve fibres resemble closely the string of droplets resulting from breakdown of a liquid column (Figs. 2, 3, 6, 7, 8). Long threads of protoplasm of other types of cells also tend to disperse into droplets (Chambers and Kao, 1952; D’Arcy Thompson, 1942). Young (1944a, 1945) assumed that in normal fibres the force counteracting the disruptive effect of surface tension is the turgor pressure in axons originating in the perikaryon. Another possibility is that the very existence of axonal flow maintains the continuity of fibres and that fibres break up when the axoplasmic streaming is brought to a standstill. Taylor (1935) has shown that a liquid column is stable in a field of flow and breaks up into a string of droplets when the flow is arrested (Figs. 4, 5 ) . Several facts are consistent with physico-chemical interpretation of nerve degeneration. An increased external pressure delays degeneration of nerve fibres (Weiss and Burt, 1944). No ovoids are formed in nerves left in situ in dead animals in which the axoplasm ceases to exhibit properties of a liquid. Similarly when gelation of axoplasm is induced by mechanical stimulation (Flaig, 1947; Lubinska, 1956a) and gelated fibres are left to degenerate in vitro, they preserve their cylindrical shape whereas unstimulated fibres with liquid axoplasm disintegrate intoov oids (Lubinska, 1956a). It seems that the physico-chemical changes of axoplasm should be taken into account in a full theory of Wallerian degeneration. Summary
 
 In the initial period following nerve section the axoplasmic motion continues for some
 
 Figs. 2 and 3. Normal and degenerating nerve fibres from the sciatic of rabbit. All photographs of Figs. 2-1 5 except those of Figs. 4 and 5 are of fresh unfixed fibres; n = node of Ranvier; i = incisures. Figs. 4 and 5. A drop of oil in sirup pulled out into a cylindrical thread in a field of flow, breaking up into a string of droplets when the flow was stopped (Taylor, 1935, Fig. 7). Figs. 6, 7 and 8. Normal and degenerating nerve fibres at higher magnification to show details. Myelin encloses completely the ovoids. Arrow = reduced lumen of the neurilemma between ovoids. Scale 10 p. Figs. 9 and 10. General view of excised frog nerve fibres with outflowing droplets of content at the ends, 27 h after cutting. Kept in Ringer. Arrows = reduced diameter of the depleted terminal parts of fibres. Scale 100 p. Fig. 11. Cut border of myelin has coalesced over the meniscus of axoplasm 1 h after the transection. Scale 10 p. Figs. 12, 1 3 and 14. Progressively increasing droplets of outflowing axoplasm covered by myelin. Fig. IS. Burst shell of myelin thrown into irregular folds at the orifice of the fibre, leaving a naked spherical drop of axoplasm, 36 h after transection (Lubinska, 1956b). References p . 56-66
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 time. Movements of granules and ascent of pinocytozed droplets may be observed directly in nerve fibres freshly separated from their cell bodies in tissue culture. Both in cultures and in cut nerve lrunks in vivo, new growth cones, exhibiting amoeboid activity may appear at the proximal end of cut fibres. A few morphological and physiological disturbances were seen to spread in the proximo-distal direction along degenerating fibres at a rate of about 20-30 mm/24 h. In some cases the longitudinal spread was not detected, or not looked for, but the length of the peripheral stump was seen to influence the intensity or duration of synaptic activity suggesting that some materials continue to be transported toward the region of synapse even after nerve section. The data on this subject are scarce, however, and sometimes contradictory. These phenomena may be discovered only during the relatively short period after nerve section between the moment when the disturbance becomes detectable and the disintegration of fibres or endings. The success of detection will depend therefore on sensitivity of the methods and on the correct timing of experiments. This is probably the reason why the most convincing evidence of spread (Parker and Paine, 1934; Titeca, 1935) was obtained on cold-blooded animals where all processes of degeneration are much slower than in mammals. Thus, in nerve fibres separated from cell bodies the axoplasmic motion is manifested for some time. It may be detected directly by cinematography of cut nerve fibres in tissue cultures and inferred from the proximo-distal spread of some morphological and physiological disturbances in cut nerve trunks in vivo. 111. D A T A S U G G E S T I N G T H E E X I S T E N C E O F A X O P L A S M I C S T R E A M I N G I N NORMAL MATURE NERVE FIBRES
 
 Suppositions have been formulated sometimes (Weiss, 1963) that the bidirectional pattern of axoplasmic streaming observed in tissue cultures is particular to these experimental conditions and does not exist in mature fibres in situ. Since with modern techniques of tissue culture many parts of the nervous system of various animals were cultured under long term conditions permitting myelination of nerve fibres and the appearance of morphological, enzymological and electrophysiological correlates of maturation (cJ Murray, 1959; Murray et al., 1962; Peterson and Murray, 1960; Yonezawa et al., 1962a, b; Crain and Peterson, 1963; and others) it seems unlikely that the pattern of axoplasmic streaming would be fundamentally different in culture and in situ conditions. The more so that the streaming is an intracellular phenomenon and is probably to some extent independent of the establishment of intercellular connections or of other influences exerted by the rest of the organism. The direct detection of axoplasmic streaming in mature nerve fibres in situ has, however, proved to be elusive. Since such fibres are usually inaccessible to microscopical observation under sufficiently high power, only indirect information about the streaming of their axoplasm is available at present. The existence of movements of axoplasm in mature nerve fibres has been inferred indirectly from various biochemical and histological features. Most of them taken separately might also be interpreted differently and it is only when the whole of the
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 available evidence, gathered by various methods, is analyzed that the existence of axonal flow seems to be demonstrated. Even so opinions diverge as to the pattern of streaming. The most widely accepted is Weiss’ concept of the proximo-distal flow at a rate of a 1-2 mm a day. Some recent experimental data point, however, to the existence of a much more rapid and bidirectional streaming similar to that observed directly in tissue cultures. A review of results suggesting either type of axoplasmic motion is given here.
 
 ( a ) Uninterruptedjibres ( 1 ) Biochemical gradients When the biochemical composition of a peripheral nerve is studied at various distances from cell bodies, it is seen that some compounds exhibit a proximo-distal gradient of concentration or activity whereas others are distributed uniformly. The longitudinal distribution of relatively few components was studied systematically. Those in which a gradient was detected and measured are listed in Table VI. Sometimes divergent results are obtained with various materials. Thus, whereas the intensity of respiration decreases along the sciatic of rat (Majno and Karnovsky, 1958), it was found to be constant along the sciatic of frog (Gerard, 1930) and exhibit a maximum in the middle in the optic nerve of Limulus (Guttman, 1935;Shapiro, 1937). Several other substances, besides those listed in Table VI, were observed to be more concentrated in the proximal than in the distal parts of nerves. Thus, proteolipids are more abundant in anterior and posterior roots than in sciatic and brachial nerves (Heald, 1961). Abood and Gerard (1954) found 2.5 times more phosphorylated intermediates in spinal than in sciatic nerves of frog. Concentration of choline acetylase is higher in the upper part of the sciatic than at the more distal levels of this nerve (Hebb, 1963). In all these cases, as Hebb pointed out for choline acetylase, the observed difference may be due to branches given off by the nerve trunk. In a branching nerve the fibre composition varies along the main trunk and it is always possible that the fibres richest in the investigated constituent might have left the trunk at one of the more proximal branchings. On the other hand a real decrease of concentration of these substances along individual axons cannot be ruled out. To settle this point it would be necessary to use nerves having the same axonal population at all investigated levels. Since most of mammalian nerves either start from plexuses or branch profusely, or both, the length of nerves available for the study of axonal gradients is that of their shortest branch. In some instances biochemical analyses were made on various parts of nerves in which the number of fibres and their diameters were invariable throughout the analyzed length (for discussion of morphological characteristics see Lubihska et al., 1963a). Such experiments may provide information about the longitudinal distribution of axonal constituents if the presence of materials from Schwann cells in the analyzed nerve homogenates does not complicate the picture. As already referred to, the contribution of Schwann cells constituents is difficult to assess. So far as gradients References p . 56-66
 
 TABLE V I BIOCHEMICAL GRADIENTS ALONG
 
 Animal
 
 Nerve
 
 Substance or activity
 
 NERVES*
 
 Decrease over 10 Number mm in % Number fff of the fff levels value in the nerves in each nerve
 
 uppermost part
 
 8
 
 4
 
 11.5
 
 Squid
 
 Giant axon
 
 Homarine
 
 Rat
 
 Sciatic
 
 Spider monkey Frog
 
 Sciatic Sciatic
 
 Respiration Lipid contents Acetate incorporation Lysine in proteins Lysine in proteins
 
 12 12 12 6 6
 
 2 2 2 2 4
 
 6.5 5.0 2.0 4.0 12**
 
 Frog
 
 Lumbar-Sciatic
 
 Bullfrog
 
 Lumbar-Sciatic
 
 Dog
 
 N. to gastrocnemius Hypoglossal Suprascapular N. to lev. scap. Sural Tibial Phrenic Peroneal Saphenus Sciatic
 
 Acid-insoluble P Acid-soluble P Acid-insoluble P Acid-soluble P Acetylcholinesterase activity
 
 4 6 4 4 5 10 6 6 8 9 12 20 4 4
 
 3 3 3 3 3 4 3 3 3 4 5 4 2 3
 
 21 ** 16** 39** 20* * 5.7 4.6 4.0 3.6 3.5 3 .O 1.8 0.9 0.4 1.8
 
 Rabbit
 
 Lipolytic esterase activity
 
 h) o\
 
 Remarks
 
 References
 
 Gradient found in 8 out of 13 Gasteiger et al., nerves. No relation to axons 1960 volume or surface Sciatic divided into 2 parts. Tibial Majno and Kamovsky, was also examined, showing further decrease 1958** * Between hip and knee Lajtha, 1961a* * * 2 out of 6 frog nerves did not show gradient Gerard and Tupikova, 1939 Substrate acetylthiocholine, Lubinska et al., pseudo-ChE inhibited with DFP. 1963a Decrease of activity is linear along the nerve
 
 Substrate methylbutyrate
 
 Lumsden, 1952
 
 -
 
 *
 
 The average decrease along 10 mm of nerve was calculated from the difference in concentration or activity between the uppermost and the lowermost analyzed segments divided by the distance between the midpoints of these segments. ** Decrease over the whole nerve. Length not stated. *** I am greatly indebted to Dr. A. Lajtha and Dr. G. Majno for communication of unpublished details of experiments. Dr. Lajtha thinks that gradients may be due to some factor other than different composition of axoplasmic proteins along the nerve.
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 along nerves are concerned, unless the investigated compound is known to be localized exclusively in the axons, a tacit assumption has to be made that the composition of Schwann cells is uniform throughout the whole length of the nerve. Such assumption may not be necessarily correct. J t will be seen in Table VI that certain biochemical features of nerve fibres exhibit a systematic change with the increasing distance from cell bodies along regions of axons which are dimensionally and structurally uniform. As would be expected from structural uniformity, the concentration of bulk components usually remains constant throughout the length of the nerve. The observed changes are those of enzymes or other substances forming an insignificant part of the volume of axoplasm. An illustration of this point is provided by the phrenic nerve of dog. In this long unbranched nerve trunk the fibres do not taper peripherally (Rexed, 1944) and the concentration of proteins, total N, total P and nucleic acid phosphorus remains constant throughout, whereas acetylcholinesterase activity decreases progressively, falling by about 40 % between the beginning and the end of the nerve. The gradient of AChE activity varies with the kind of nerve, being usually, but not always, steeper in short nerves. Probably other components, besides those listed in Table VI, also exhibit proximodistal gradients. The decrease being slight along short stretches of nerves, the phenomenon would not be detected unless looked for. The existence of biochemical gradients is however strongly suggested by the well known fact of unequal resistance of various parts of fibres to damage of neurons. In many peripheral neuropathies the distal parts of nerves degenerate or demyelinate at a stage when no histological alterations are seen in the more proximal parts. The same sequence of appearance of lesions is observed after poisoning with organo-phosphorus compounds (Cavanagh, 1954; Majno and Karnovsky, 1961). To what extent the existence of biochemical gradients along nerve fibres may be taken as indication of migration of axoplasmic components? If the components or their precursors are synthesized only in the perikaryon, their presence in the other parts of the neuron shows that some kind of transport must have taken place. It is possible that these migrations occurred during ontogenesis (Hughes and Tschumi, 1957; Bonichon 1958; Zelenh and Szenthgothai, 1957) and the gradients were built up a t that time and have remained unchanged in the adult life. A more dynamic interpretation, implying continual axonal transport seems more plausible. It is suggested, besides other indications, by the great lability of longitudinal distribution of axonal components. Thus, for example, the normal gradient of AChE in the phrenic disappears-several days after section of the contralateral nerve. The peak of activity is found then somewhere in the middle of the nerve (Lubiliska et al., 1961). It is not certain whether this is due to the increased functional load on the innervated hemidiaphragm or to contralateral repercussions on the ability of motoneurons to synthesize the enzyme, or both. The phenomenon suggests nevertheless that in the steady state the gradient is the resultant of the rates of synthesis, transport and utilization of neuronal materials and breaks down when the relationships between these factors are altered. References p . 56-66
 
 TABLE VII h,
 
 RADIOACTIVE TRACERS I N U N I N T E R R U P T E D NERVE FIBRES
 
 Animal
 
 Nerve, levels and length of segments
 
 Tracer and site of injection
 
 Method of detection
 
 Length of active Time after Rate segment injection mm/24 h afrer 24
 
 00
 
 Remarks
 
 References
 
 in mrn Frog
 
 Lumbar plexussciatic, divided into 4 parts
 
 14C-lysine intraperitoneal injection
 
 Activity of protein bound lysine
 
 8, 17, 28 and 38 days
 
 -
 
 -
 
 Rat
 
 Superior cervical ganglion
 
 35S-methionine intraperitoneal injection
 
 Autoradiography
 
 30 min, 24 and 72 h
 
 -
 
 -
 
 Rat
 
 Supraoptic 35S-cysteine nucleusand infundibulum 35S-methionine
 
 Guinea- Sciatic, pelvis 32Prepeated pig and knee injections into levels blood stream
 
 Cat
 
 Ventral roots, 32P injection into throughout grey matter of the length, the spinal cord every 3 mm
 
 Autoradiography
 
 15 sec to 96 h
 
 Activity in various First chemical meafractions. Ratio surements of the upper to lower level 10 days after the changed only for phospholast injection proteins P (or inositol P) 1 to 20 Counts in the whole root. Half days activity points of slopes at various times used to estimate the rate
 
 -
 
 2-3
 
 4.5
 
 -
 
 -
 
 30
 
 A strong proximo-distal gradient was observed after 8 days, the lowermost level exhibiting only 25% of activity of the uppermost. Later activity in the proximal part decreased progressively, while that in distal part rose slightly 30 min activity in perikarya and Schwann cells; 24 h in postganglionic fibres activity as strong as in perikarya; activity has increased 6 to 8 times during this timeinterval. In the preganglionic fibres activity is 2 4 times weaker. Radioactivity appears first in the nucleus later in infundibulum. Considered as proof of perikaryal synthesis Anticipated tide of high specific activity along the nerve was not observed
 
 Waelsch, 1958; Lajtha, 1961a
 
 Verne and Droz, 1960
 
 r
 
 r d
 
 m2. r A
 
 Sloper et al., 1960
 
 Samuels et al., 1951
 
 Authors think that the figure ob- Ochs et al., 1962 served at 24 h may be fortuitous*. An inactive distal part is visible only after 1 day, later activity is seen throughout the length of the root
 
 Rabbit
 
 Vagus, 9 segments between nodose ganglion and subclavian vessels
 
 32P-orthophosphate Activity in phosplaced for 2.5 h pholipid on the floor of fraction 4th ventricle
 
 24,38,61 h ; 3, 5, 10 and 17 days
 
 24, 38, 32P-orthophosphate Activity in phosplaced for 2.5 h pholipidfraction 61 h ; 3,5910, on the floor of 4th ventricle 17 days 3%-methionine Activity in proteins 4 h to 30 Ulnar, and l*C-glycine days consecutive subarachnoid segments injection of 10mm
 
 Hypoglossal, 4 segments of 8 mm
 
 P L h ,
 
 h
 
 Cat
 
 Activity in proteins 4 h to 30 3%-methionine Sciatic, days consecutive and 14C-glycine segments subarachnoid injection of 10mm Counts per 10 p2 30 min, 3H-leucine Rat Sciatic at 8 of axonal area in 27 h 9 injections in and 26 mm 4 and 16 transverse 24 h from the histological days vertebrae sections. Only proteins remain after processing Densitometry 164 and 14C-amino acids Axolotl Lateral line 214 along the nerve intraperitoneal nerve, days injections throughout its length
 
 *
 
 Personal communication by Dr. Ochs.
 
 41
 
 77
 
 41
 
 45
 
 No activity in the nerve when the Miani, 1962 axons were cut previously at medulla, indicating that the incorporation occurs in cell bodies only. In crushed nerves the rate of advance of radioactivity is similar to that of elongation of regenerating fibres, about 2 mm a day
 
 Peaks of activity, separated by Koenig, 1958 less active segments. With increasing time intervals peaks were present farther distal. Peaks suggest migration at different rates. A few days after injection activity is 2 to 7 times higher in the proximal than in the distal segments
 
 4-5
 
 7-1 1
 
 1.5
 
 1
 
 -
 
 -
 
 After 27 h activity insignificant Droz and Leblond, 1962 in axons. After 4 days strong activity at the proximal level, weak (or none) at the distal. This relation is reversed after 16 days Activity falls to background level Weiss, 1961 at 160 mm from cell bodies after 160 days. The result is considered by the author to be ‘suggestive rather than conclusive because of tapering of the nerve’
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 The existence of gradients thus lends some support to the concept of axonal flow, at least in the direction from cell body towards axon terminals. It should be stressed, however, that an absence of gradient of a substance along the axon does not indicate an absence of migration. If the metabolism of a compound is slow, as compared with the rate of transport, a uniform concentration throughout the length of the fibre may be established. ( 2 ) Migration of radioactive tracers When radioactive tracers are injected subarachnoidally or directly into the central nervous system, radioactivity most often appears first in the perikarya and later in the axons. In the axons it is initially stronger in the proximal than in the peripheral parts. At later stages the difference in activity disappears or is reversed. This type of results is usually interpreted in terms of uptake and incorporation of tracers in the perikarya, followed by a discharge of tagged synthesized materials into the axons along which they subsequently migrate in the proximo-distal direction (Table VII). Some authors calculated the velocity of migration of tagged materials from the progressively varying ratios of activity in the proximal to that in the distal part of the nerve and obtained rates of 1-4 mm a day. The difficulties of interpretation of experiments with tracers, concerning various steps of incorporation into various tissue compartments, variable half life time of labelled compounds and their further metabolism, were discussed by Waelsch and Lajtha (1961), Davison and Dobbing (1961), Dobbing (1961), Waelsch (1962) and by Lajtha (1961). The last author also stressed the necessity of taking into account the possibility of preexistent gradients of the investigated compounds along nerves. If attention is confined to the much simpler problem of detection and measurement of axoplasmic flow with help of radioactive tracers, following factors which may obscure the actual rate of migration should be considered. Various compounds or various portions of the same compound incorporated into different subcellular structures may not leave the perikaryon simultaneously but in successive steps. In the pool of parent cells of fibres of the investigated nerve various perikarya may start to discharge the labelled substances into axons at various times. Additionally the rates of migration may be different in various fibres. Thus, for example, the appearance of several peaks of radioactivity along the nerve (Koenig, 1958) might be due to any of these asynchronous events as well as to an advance by spurts. If the axoplasmic flow in mature nerve fibres proves eventually to occur simultaneously in both directions, as it does in regenerating fibres, a certain time after injection both descending and ascending layers of axoplasm would carry radioactive components. The radioactivity at any one level of the nerve would be the resultant of all these complex factors of unknown time course. The estimation of rates of migration will therefore depend largely on the time elapsed between the injection and the testing and will be uncertain. The following experimental data cast doubt on the correctness of the estimated rate of migration of a few millimetres a day: (1) The whole length of the sciatic of frog was found to be already labelled eight
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 days after the injection (Waelsch and Lajtha, 1961). Similarly, against expectation that an advancing front of radioactivity may be detected somewhere along the nerve, Samuels et al. (1951) found the whole length of the sciatic of guinea-pig invaded by labelled compounds 10 days after the injection. These findings suggest a higher rate of advance of radioactive tracers since the distance between the cell bodies and the distal parts of the sciatic is too long to be covered in eight or ten days by substances migrating at a rate of 2-3 mm a day. (2) In the published figures of experiments made early after the injection (Ochs et al., 1962; Miani, 1962) it is seen that in the first 24 h the nerve is tagged over some 30-70 mm. Since the authors have shown that no spread of activity in the interstices between fibres has taken place under their experimental conditions, it seems that these figures reflect approximately the actual rate of migration of labelled compounds in the axons. This, incidentally, would be of the same order of magnitude than the rate of movement of granules in nerve fibres observed directly under the microscope (cf. Table IV). Miani’s (1962) experiments are particularly interesting in this respect since he studied the spread of radioactivity both in normal uninterrupted nerves and in regenerating nerves. In the latter the advance of radioactivity was of about 2 mm a day showing that the tagging advanced only as far as the tips of regenerating axons. The discrepancy between the rates apparent from the distance travelled during the first day after the injection and those calculated from relations observed at longer time intervals seems to be attributable to the temporal overlap of many complex processes mentioned earlier. As long as the time course of these processes is not elucidated the data obtained after the shortest time intervals seem to provide the best estimation of the actual rate of migration of tagged materials.
 
 Summary The experiments made on normal uninterrupted nerve fibres show the migration of radioactive tracers along axons in the proximo-distal direction. The rate of migration is estimated by most authors as 1-4 mm a day. It is shown that such rate fails to account for the presence of labelling over some 30-70 mm of nerve length in the 24 h after the injection and these last figures are proposed as a better approximation to the actual rate of migration of tracers. The proximo-distal gradients of concentration or activity exhibited by some of the axonal components corroborate, if certain additional assumptions are made, the existence of migration of substances along the axons from the cell bodies to the nerve endings. (b) Efsects of occlusion of axonalpathways
 
 Partial or total occlusion of axonal pathways has proved to be one of the most fruitful methods of indirect detection of axoplasmic flow in mature nerve fibres. Morphological and biochemical changes developing progressively near the site of lesion provided strong suggestions for the existence of flow. It has been the great merit of Weiss to draw attention to the dynamic character of these changes. References p . 56-66
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 ( 1 ) Deformation ofJibres When a nerve is compressed over a short stretch, its fibres are deformed in the compressed zone and on both sides in the neighbouring regions. A detailed description of the immediate effects of compression was made by Calugareanu (1901a, b) who studied the disarrangement of axoplasm and myelin, the alterations of diameters of various parts of fibres and the reversibility of these disturbances after compressions of varying strengths and durations. He also investigated the ability of deformed fibres to conduct impulses. This work as well as less extensive later studies (Causey and Palmer, 1952; Lubinska, 1952b) have shown that myelin and variable amounts of axoplasm are removed from the compressed part of the fibres into adjacent uncompressed parts, which become dilated and filled with a mixture of myelin and axoplasm over some hundred microns. Further away from the site of compression the organization of the fibre seems undisturbed. In the compressed region the diameter of the fibres is reduced. The degree of reduction depends on the strength ofcompression. The disorganization ofregions adjacent to the site of compression subsides partly in several hours. When the fibres are cut, their contents flows out from the cross section (Young, 1937, 1944b; Lubinska, 1956a). The outflowing droplets appear at both ends of an excised segment (Fig. 9) and increase with time (Figs. 11-15). The outflow is accompanied by a reduction of diameter of the terminal parts of the fibre. The lumen of the neurilemma always decreases in parts of fibres from which the content was partially or completely removed. The reduction of diameter of the neurilemma is seen in the compressed region in the intervals between the ovoids of degenerating fibres (Fig. 8) as well as near the outflow at the cut. The tendency to reduction of diameter under all these circumstances indicates that the neurilemma in an intact fibre is both distended and elastic. By local application of graded external pressures to nerve fibres a progressive reduction of diameters of the compressed region, partly emptied of its contents was obtained. The neurilemmal tube in radial direction was found to obey Hooke’s law. The calculated Young modulus, 4 x 109 dynes/cm2, was of the same order as that of collagenous fibres (unpublished). It is probably the elastic tension of the neurilemma that squeezes out the content of the fibre at the cross section since the volume of the outpouring droplet increases proportionally t o the square root of time Lubinska, 195613). This relationship is characteristic for the outflow from elastic capillary tubes (cf. Hermans, 1952). Although these data provide no information concerning the flow of axoplasm in intact fibres, they may be useful when the interpretation of the mechanism of axoplasmic motion is attempted. When nerves are constricted for prolonged periods the acute effects subside and deformations of a different type develop progressively. They were first described by Cajal (1928). A detailed analysis of such deformations was made by Weiss and Hiscoe (1948). These authors used an arterial sleeve with a lumen slightly narrower than the nerve to produce a mild compression. The sleeve, about 1 cm long was slipped over the nerve and kept there from 4 to 35 weeks. The compression led to characteristic distortions of fibres beneath the sleeve as well as on its proximal and distal side.
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 In the compressed region the diameters of fibres were reduced. They were reduced also distally to the compressed part never widening appreciably over the size they had under the sleeve. Proximally to the site of constriction the fibres were deformed. They exhibited a series of rhythmic dilatations of variable shape : balloons separated bynecks, beads or coils, all declining in size in the proximal direction. Such deformations were seen both in normal and in regenerating nerves. The removal of the sleeve led to downward movement of axonal material, causing the draining of balloons and a partial redistention of fibres in the previously constricted and in the distal parts. The progress of the tidal wave could be followed for the first few days after removal of the constricting sleeve and was found to correspond to 1-2 mm a day. Several types of control experiments were performed which should be looked up in the original paper. It should be noted, however, that in chronic compression of shorter duration (8 days) Cajal(l928) observed multiple bulbous dilatations immediately below the compressed region and normal diameter of fibres in the more distal parts. The deformations observed by Cajal on the proximal side of the compression are similar to those described by Weiss and Hiscoe (1948). Weiss and Cavanaugh (1959) confirmed previous results and extended the period of recovery after release to 12-14 weeks during which a marked increase in diameters of the peripheral parts of fibres was observed. On the basis of these phenomena Weiss and Hiscoe, 1948, p. 338) developed the following concept of axonal flow. ‘The nerve fibre is subject to a force which presses the column of axonal substance constantly and steadily forwards in the direction of periphery. When the width of the channel is reduced, a local bottleneck is created which retards the rate of passage. The portion immediately proximal to the bottleneck will receive more substance per unit of time than can be disposed of, and a surplus will begin to pile up’. Weiss assumes that the axon receives all protoplasmic supply from the perikaryon and that the width of the fibre is normally so adjusted that it permits unobstructed passage of axoplasm at a rate corresponding to the metabolic activity of the fibre. In calculating the rate of protein breakdown in the nerve from the then available biochemical data, Weiss finds a remarkably close agreement (which he himself considers as coincidental) between the rate of advance of 1-2 mm a day of the axonal column and the amount of metabolized proteins. When the lumen of the axon is narrowed locally, the supply of axoplasm to the distal part of the fibre is reduced, whereas, as Weiss assumes, the consumption of axonal materials is kept at normal level. This would explain the permanent reduction of fibre diameters distally to the constricting sleeve. Weiss generalizes this observation to state that the diameter of the narrowest point of the axon cannot be exceeded in any part of the fibre situated more distally. This statement however is contradicted by anatomical data. It is well known that when an axon dichotomizes the area of cross section of branches exceeds that of the parent fibre. But even in unbranched parts of axons narrower and wider regions alternate. In a motoneuron, for example, the axon emerging from the axon ‘hillock is thin and increases abruptly in diameter at the first myelinated segment (Strong, 1906). Another stretch of reduced diameter appears when the fibre leaves the spinal cord and traverses the pial ring (Ranvier, 1882; References p . 56-66
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 Tarlov, 1937). These are relatively long stretches of narrowed axon. But at each node of Raiivier the lumen of the fibre is reduced to less than a half of the diameter it has over the internode (Young, 1949; Gasser, 1952; Lubiriska, 1954) to be resumed again after crossing the node. The same is true for the thin intercalated internodes appearing after a local destruction of myelin (Gombault, 1880-1881 ; RCnaut, 1881 ; Lubiriska, 1958a, b, 1961). At all these loci, as well as in the parts of fibres distal to compression in the experiments of Weiss and Hiscoe, the myelin is either thinned down or absent. Since there are many indications that myelin influences the diameter of the underlying axon which widens during myelination and becomes reduced when myelin disappears (Nageotte, 1921 ; Speidel, 1932; Hild, 1959; Quilliam, 1954; Bunge et al., 1960) it seems that the permanent size deficit observed by Weiss and Hiscoe in the parts of fibres distal to the constricting sleeve cannot be attributed simply to the narrowing of the axonal pathway at the site of constriction. Another difficulty raised by Weiss’ theory concerns the fate of axonal material in the steadily proximo-distal advance of the fibre contents. In his analysis Weiss dealt only with proteins. However water contributes about 80% of the axonal volume. Since the fibre preserves a uniform diameter throughout most of its length, a rather elaborate set of hypotheses would be required to explain the absence of an ever increasing pool of water at the end of fibres. In spite of these difficulties Weiss’ theory offering an interpretation of many features of neuronal biology became widely accepted, at least in its broad terms. ( 2 ) Biochemical and structural changes When the continuity of axons is broken by a crush or section of the nerve various biochemical and morphological changes soon develop in the axons in the vicinity of the lesion. Several groups of enzymes and some other substances were found to accumulate near the ends of axons. A similar accumulation of neurosecretory materials was observed in the interrupted tracts of neurosecretory neurons. The electron micrographs of the region show a dense packing of mitochondria, vesicles and membranous profiles. The results of observations fall into two categories: (I) Those in which the increase was observed proximally to the lesion; (2) Those in which the increase was seen on both sides of the lesion. The first type of results was obtained either in experiments in which the nerve on the distal side of the lesion was not analyzed at all or in experiments in which both sides were analyzed and no accumulation was found on the distal side. In view of the importance of these local changes for the analysis of the character of axonal flow, a detailed summary of relevant experiments is given in Tables VITT, TX and X. Enzymes, neurosecretory materials and some other substances. When examined by histochemical methods, the sites of increased activity of various enzymes at the section look remarkably similar (Figs. 19, 20, 21). The strongest staining for acetylcholinesterase, esterases, acid phosphatase, various dehydrogenases, DPN and TPN dia-
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 Fig. 16. Longitudinal section of a crushed sciatic nerve of the rabbit, removed immediately after crushing, stained for AChE activity by Koelle and Friedenwald method. Arrow = site of the crush. Fig. 17. A similarly treated section of a nerve removed 26 h after crushing. Increased activity of AChE is seen on both sides of the lesion. Arrow = site of the crush. Fig. 18. A similarly treated section of the sciatic crushed in two places. Distance between crushes 3.4 rnm. Increase of AChE activity above the proximal and below the distal lesion. No increase of AChE activity is visible in the short segment between the crushes (cf. Fig. 23 for long segments). Scale 3 mm. (Zelenk and Lubihska, 1962). Figs. 19-21. Sites of increased activity of enzymes on the distal side of the lesion in crushed or cut nerves. Fig. 19. DPN = diaphorase, 6 h after section. Rat, sciatic (Kreutzberg, 1963). Fig. 20. AChE, 18 h after crushing. Dog, peroneal (Zeleni and Lubinska, 1962). Fig. 21a. Esterase, 24 h after section. Rat, sciatic (Gould and Holt, 1961). Fig. 21b. Acid phosphatase, 24 h after section. Rat, sciatic (Gould and Holt, 1961). References p. 56-66
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 phorases is observed in the terminal club-like enlargements of axons, fading progressively away from the lesion to reach the colour of normal fibres some 100-300 p from the end-bulbs. Actually there may be an increase of activity beyond this length but the limited sensitivity of histochemical methods used fails to detect it. When increased staining is observed on the distal side of the lesion, it resembles that on the proximal side, although small differences in shape of the terminal enlargement may sometimes be detected and the distance of stained endings from the site of the crush is somewhat longer. Accumulation of neurosecretory materials presents a similar picture. The general appearance of accumulation of AChE on both sides of the lesion is shown in Fig. 17 for a single crush and in Fig. 18 for two lesions made a few mm from one another. When quantitative bioassays or biochemical determinations of nerve segments adjacent to the lesion are made, the narrow localization of maximum activity in a very short stretch of nerve is to be taken into account in the interpretation of results. Usually the segments of nerve taken for analysis are of about 10 mm, thus including both the most active region and the region of normal (or decreased) activity. The results obtained will show therefore an average value for the investigated segment and will fail to detect the strong increase of activity at the very ends. To enable the correct estimation of activity near the section and at various distances from it the 3001
 
 I 60 rnrn
 
 IIliil 500
 
 20
 
 0
 
 0
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 Fig. 22. Changes in AChE activity in the peroneal nerve of dog near the site of transection 4 h after cutting, in per cent of normal activity. (A) The solid line shows the length of segments used for analysis and the activity in each segment. Distances from transection are shown on abscissae. Normal activity in the segment removed immediately after operation hatched. (B) The same experiment. The data obtained on four short segments on the proximal side of the lesion and on four segments on the distal side have been pooled to show that when long stretches of nerve are used the increase of activity on the distal side may be masked. (The area under the solid line showing the total amount of the enzyme in the analyzed part of the nerve is the same in both graphs (Lubihska et al., 1964).
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 nerve segments used for analysis should be as short as possible particularly in regions where abrupt changes are exhibited. This point is illustrated in Fig. 22 A showing AChE activity in a cut nerve in the vicinity of transection 4 h after operation. The same results calculated for longer stretches are shown in Fig. 22B. The details of distribution are here considerably smoothed down and the local increase on the distal side of the section is masked. Because of this effect information concerning the length of analyzed segments is included where available in Table VlII to enable the comparison of data obtained by various authors. It will be seen in Tables VllI and IX that the experiments in which accumulation of materials was found also on the distal side of the lesion are more recent and less numerous. This is partly due to the fact that a local increase near the lesion is more likely to be missed in the peripheral than in the central stump of the nerve. Many of the investigated compounds decrease or disappear during Wallerian degeneration. Since the nerve segment taken for analysis is usually longer than that exhibiting the peak of concentration, the masking effect of dilution, described previously, will be stronger in the peripheral stump. Moreover, the local increase on the distal side of the lesion, reaches its maximum in about 24 h and declines in a few days so that it will not be found if longer periods after infliction of the lesion are examined. In spite of these difficulties clearcut increases of concentration or activity on the distal side of the interruption of the axons were detected for acid phosphatase, nonspecific esterase (Gould and Holt, 1961), DPN-diaphorase, lactic, malic and succinic dehydrogenase (Kreutzberg, 1963), acetylcholinesterase (Zelena and Lubinska, 1962; Lubinska et al., 1963b) and neurosecretory material (Hild, 1951; Christ, 1962; Diepen, 1962). All these results were obtained in experiments made early after the division of the nerve or tract of white matter. The local increases at the ends of stumps were already visible within a few hours after infliction of the lesion. The increase on the proximal side was interpreted usually in terms of Weiss’ concept of the proximo-distal flow of axoplasm, as a piling up of materials dammed at the site of interruption of the axonal pathway. The increase of activity on the distal side did not fit in with this concept, neither could the usually assumed rate of flow of 1-2 mm a day account for the early appearance of accumulation on either side. Most authors tended therefore to deny any role to axonal flow in the phenomena they have observed and to interpret them either as degenerative changes or as the result of a local, injury-induced synthesis of the investigated compound in the axoplasm. The hypothesis of a local production in the axoplasm near the ends of interrupted fibres has, however, proved to be incorrect for acetylcholinesterase, the only substance so far for which the course of accumulation was studied both histochemically and quantitatively. In order to elucidate the origin of AChE accumulating near the cross sections of the nerve the following experiment was devised (Lubinska et al., 1964). The nerve was cut in two places some 50-100 mm apart and at each cut a small piece of nerve was removed to determine the normal level of the enzyme activity. From the obtained values and the length of the segment left between the cuts the total amount of the enzyme in the segment was calculated. Since the nerve was separated both from the References p. 56-56
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 E N Z Y M E S , A C E T Y L C H O L I N E , 5 - H Y D R O X Y T R Y P T A M I N E , N O R A D R E N A L I N E A N D S U B S T A N C E P N E A R T H E E N D S OF
 
 00
 
 INTERRUPTED NERVE FIBRES
 
 Animal
 
 Nerve
 
 Constituent
 
 Method of detection
 
 Time after interruption of fibres
 
 Changes near the site of interruption Proximal side
 
 References
 
 Distal side
 
 Sheep and cat
 
 Cervical sympathetic
 
 Choline acetylase
 
 Bioassay
 
 2-25 days
 
 Increases reaching 150 % Falls to 5 % after 1 week Hebb and Waites, 1956 in 5 days, then decreases and to 0-1.5 % after 4 to control values in 2-3 weeks weeks
 
 Goat
 
 Sciatic
 
 Choline acetylase
 
 Bioassay
 
 7 days
 
 Increases in the terminal Falls to 6 % 2-2.5 cm to over 200 %. No change in more proximal parts
 
 Cat
 
 Cervical sympathetic
 
 Acetylcholinesterase
 
 Biochemical
 
 2-24 days
 
 Guinea-pig
 
 Sciatic
 
 Acetylcholinesterase
 
 Biochemical
 
 2-38 days
 
 DOQ
 
 Phrenic
 
 Acetylcholinesterase
 
 Biochemical
 
 4 and 6 days
 
 Peroneal
 
 2 to 96 h
 
 Tibia1
 
 2 to 96 h
 
 -
 
 Hebb and Silver, 1961
 
 Falls to about 20 % of the Sawyer and Hollinshead, normal during the first 1945 week
 
 Increases in the terminal Falls to 40 % after 10 days Sawyer, 1946 neuroma taken with a No further loss up to 38 short stretch of nerve to days 300%of the normal in 5 days Increase up to 300% of Lubinska et al., unpublished the normal in terminal 20 mm. Slight decrease in the more proximal parts of the nerve Increases up to 275 % in Increases up to 190 % in the terminal 2-3 mm the terminal 2-3 111117 after 4 h after 4 h Increases up to 350% in Increases up to 230% in the terminal 2-3 mm the terminal 2-3 mm after 4 h after 4 h
 
 -
 
 Frog, 25"
 
 Sciatic
 
 Acetylcholinesterase
 
 Biochemical
 
 6 to 24 h
 
 Increases up to 280% in Increases up to 170% in Niemierko and Zawadzka, 6 h in the terminal 2 6 h in the terminal 2 unpublished * mm 111111
 
 Frog, 8"
 
 Sciatic
 
 Acetylcholinesterase
 
 Biochemical
 
 6 to 24 h
 
 Increases up to 220% in Increases up to 160% in 6 h in the terminal 2.3 6 h in the terminal 2.2 mm mm
 
 Guinea-pig
 
 Sciatic
 
 Cholinesterases
 
 Histochemical
 
 1 day-6
 
 weeks
 
 Increase at the cut end Fall with progressing degeneration and in the regenerating sprouts. More proximally normal appearance
 
 Snell, 1957
 
 Xenopus larvae
 
 Nerves to hind- Acetylcholinlimb esterase
 
 Histochemical
 
 Increases strongly at tips Several within a few hours, later hours to the increase extends several backwards towards the days spinal cord at a rate of about 0.5 mm a day
 
 Rat
 
 Cingulum, Acetylcholindorsal fornix esterase and fimbria
 
 Histochemical
 
 4-20 days
 
 Increases in the terminal No increase or a diffuse Shute and blurr. Sometimes a Lewis, 1961a 2 mm, normal more completely inactive and b proximally. With time segment is seen immedithe length of the stained ately distal to the cut segment increases but intensity lessens
 
 Rat, rabbit, dog
 
 Sciatic
 
 Acetylcholinesterase
 
 Histochemical
 
 448 h
 
 Increases strongly in the Increases over somewhat Zelena al;d shorter distance Lubinska, terminal 0.7-1.2 mm. (0.6-0.8 mm) than on 1962 Most intense staining in the proximal side. In the club-like endings of nerves crushed in two axons places separated by a few mm, staining appears above the proximal and below the distal lesion. If the distance between crushes is large, four sites of staining, on both sides of each lesion, appear
 
 Dog
 
 Sciatic
 
 Oxidative enzymes
 
 Histochemical
 
 30 h 7-30 days
 
 Spinal cord
 
 Oxidative enzymes
 
 Histochemical
 
 7-30 days
 
 Increase in terminal enlargements of axons Increase in terminal enlargements, in neuromas and in regenerating sprouts Increase in terminal enlargements of axons
 
 Hughes and Lewis, 1961
 
 -
 
 Marinesco, 1924
 
 zm !a
 
 m
 
 m
 
 Almost complete absence w
 
 \o
 
 Continued overleaf
 
 T A B L E V I I I (continued) P 0
 
 Animal
 
 Nerve
 
 Constituent
 
 Method of detection
 
 Time after interruption of fibres
 
 Histochemical
 
 30 days
 
 Increase in sprouting tips of regenerating fibres, more intense at 22" than at 9"
 
 ChanKes near the site of interruption Proximal side
 
 Distal side
 
 Frog (winter)
 
 Sciatic
 
 Oxidative enzymes
 
 Pigeon
 
 Sciatic
 
 Oxidative enzymes
 
 2 days
 
 Increase in terminal parts of axons
 
 Cat
 
 Descending tracts in the spinal cord
 
 Succinic Histochemical dehydrogenase and TPN diaphorase
 
 4-36 days
 
 Increase in the tracts and No changes in tips of axons where the enzymes persist after their disappearance from the tracts at about 12th day
 
 Rat
 
 Sciatic
 
 Succinic dehydrogenase and TPN diaphorase
 
 12 h-50 days
 
 No activity in axons Increase in the terminal enlargements of fibres throughout the visible after 12 h. In the investigated period more proximal parts apparent after 1-3 days. Disappear after about 8 days. When the nerve was ligated 2-3 mm proximal to the section, increase was seen only above the ligature
 
 Rat
 
 Sciatic
 
 DPN-diaHistochemical phorase, lactic, malic and succinic dehydrogenases
 
 348 h
 
 Increase in terminal enlargements of axons
 
 6-24 h
 
 Increase in terminal enlargements of axons, persists up to 3 weeks
 
 Brain and spinal cord
 
 References *
 
 Less active than the central stump
 
 Friede, 1959
 
 Increase progressively for Kreutzberg, 24-48 h in the terminal 1963 and personal enlargements of axons. communicaAfter 3 days persist in a few axons only tion Kreutzberg, 1962; Kreutzberg and Peters, 1962
 
 P P
 
 5a6
 
 2-30 days
 
 4 in Increases up to 300 0 the terminal part
 
 Acid Histochemical phosphatase and biochemical
 
 8-13 days
 
 Increases progressively up Increases progressively up to 320%. Cellular to 400% of normal in the terminal part. localization uncertain More proximally up to 175%
 
 Acid Histochemical phosphatase and nonspecific esterase
 
 1-2 days
 
 Increase. Staining pattern Increase. Staining extends Could and up to 0.5 mm, in the rest Holt, 1961 appears identical for of the distal stump little and personal both enzymes. Extends or no activity to the nearest node of communiRanvier. Sometimes to cation by the next proximal node Gould* Increase. Staining persists in tips which already begun to break up Increase of both enzymes Axons tips broken into droplets, still positively spreads along the rest of the proximal stump. stained. Staining disPersists for 20-30 days appears after about after nerve injury 15-1 7 days
 
 Rabbit
 
 Sciatic
 
 Ali-esterase
 
 Rabbit
 
 Sciatic
 
 Rat
 
 Sciatic
 
 Biochemical
 
 we
 
 P h
 
 3 days 6 days
 
 Rabbit
 
 Auricular
 
 Substance P
 
 Rat
 
 Sciatic
 
 Noradrenaline Histochemical
 
 Bioassay
 
 Falls s!owly to 40 ”/, throughout the length of the stump after 20 days
 
 Lumsden, 1952
 
 Samorajski, 1957
 
 4-56 days
 
 Increases up to 600% in Falls to 36% in 7 days and Holton, 1959 4-5 days stays at this level up to 56 days
 
 1248 h
 
 Increases progressively Increases progressively Dahlstrom and over much shorter disfrom 12 to 48 h in the Fuxe,* (unpublished) terminal 3-5 mm with tance (0.44.8 mm) strong fluorescence with weak or medium intensity within fluorescence intensity distorted axons, within distorted axons especially in the distal enlargements of the axons
 
 P e
 
 Continued over leaf
 
 TABLE VIII (continued) P
 
 w Animal
 
 Nerve
 
 Constit uent
 
 2:;:zf
 
 Time affer interruption of fibres
 
 Changes near ?hesite of interruption ~
 
 Proximal side
 
 References
 
 Distal side
 
 Rat
 
 Spinal cord
 
 Noradrenaline Histochemical and 5hydroxytryptamine
 
 748 h
 
 Increases progressively Increases progressively Dahlstrom and Fuxe,* for 7-24 h in the termifor 7-24 h over a short nal l-2 mm with strong (unpublished) distance (0.14.2 mm) fluorescence intensity with medium or intense within distorted axons fluorescence intensity and persists rather unwithin deformed axons changed during the and persists rather unfollowing 24 h changed during the following 24 h
 
 Rabbit
 
 Descending tracts in the spinal cord
 
 5-Hydroxytryptamine
 
 7 days
 
 Increases up to 123 %
 
 Rabbit
 
 Sciatic
 
 Acetylcholine Bioassay
 
 3-25 days
 
 After 5 days increases up After 5 days increases up to 625 % in the terminal to 540 % in the terminal 5 mm. No increase 5 mm beyond 15 mm proximally to the lesion
 
 Cat
 
 Ventral roots
 
 Acetylcholine Bioassay
 
 5-1 3 days
 
 Scnttered results. After 3-5 days in the terminal 5 mm increase up t o 580% in some nerves and decrease to 28 % in others. In the more distal parts falls t o 28 % of the control
 
 *
 
 Biochemical
 
 Decreases to 19 %
 
 Carlsson et al., 1963 Saunders* (unpublished)
 
 I am greatly indebted to Dr. K. Fuxe, Dr. R. P. Gould, Dr. S. Niemierko and Dr. N. Saunders for their kind communication of unpublished results.
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 cell bodies and from the endings, the possibility of new supply from the perikarya as well as of a loss towards the periphery was eliminated. Such isolated segment was left in situ for periods from 2 to 96 h then removed and cut into 6 to 12 short pieces which were analyzed separately for AChE activity. These experiments provided information about the distribution of the enzyme in the isolated nerve segment and, important for elucidation of the origin of local increases at the ends, about the total AChE content of the segment at the investigated time intervals. An experiment of this kind is shown in Fig. 23.
 
 Fig. 23. AChE activity in the peroneal of dog cut in two places 18 h after cutting. Distance between cuts about 60 mm. P = proximal transection. D = distal transection. Solid line shows the length of pieces of nerve used for analyses and their activity in mpmoles of AThCh split by 1 mm of nerve in 2 h. Abscissae = distance from cell bodies in mm. An increase of AChE activity is seen on both sides of each lesion (Lubinska et al., 1964).
 
 An increase in acetylcholinesterase activity in the terminal parts of the isolated segment is detectable from 2 h onwards, rising progressively with time. The degree of increase depends also on the length of the isolated segment, being larger in longer stretches. The local accumulations at the ends are accompanied by a depletion in the middle parts of the segment so that, whatever the degree of the local increase, the total amount of the enzyme in the isolated segment remains unchanged. This was shown in 17 experiments in which the length of the segments varied from 20 to I10 mm and the time interval from 2 to 22 h. AChE activity in the terminal parts exhibited various degrees of increase (up to 400 %). The average content of acetylcholinesterase in these segments amounted to 98.9 2.9% of the normal. The unchanged amount of AChE in the whole segment shows that the increase in References p . 56-66
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 activity near the transection of fibres is not due to a local production but results from the translocation of the preexisting enzyme along the nerve segment. It is by no means certain that all substances accumulating at the cut ends of fibres have been transported there from other parts of the axons. Special experiments would have to be made for each compound to determine its origin. However, the remarkable similarity in the time of appearance, mode of localization and the length of the active stretches in histochemical pictures of various enzymes and neurosecretory materials makes it likely that, besides the AChE, many substances accumulating in the terminal regions of axons may have been carried there in a similar way. The process of accumulation is arrested much sooner in the parts of fibres separated from cell bodies than in those remaining in continuity with their perikarya. It will be seen in Fig. 24 that on the distal side of a transection AChE increases for about
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 Fig. 24. Time course of the increase of AChE activity over the initial value in the terminal 6 mm of the nerve on each side of transection. In per cent of normal activity. Circles = proximal side. Dots distal side. (Lubinska ef al., 1963).
 
 20 h and is kept at this level for about 4 days. It will decrease progressively with the developing Wallerian degeneration. On the proximal side the increase continues at a slower rate than initially for many days. These results were interpreted in the following way. The subcellular particles containing acetylcholinesterase are carried with the stream of axoplasm. They tend to settle down at the cut ends of axons. The accumulation of the enzyme on both sides of the transection indicates that the axoplasm is streaming both in the ascending and in the descending directions. The time course of accumulation of AChE provides a rough estimation of the rate of streaming at about 30-60 mm a day (cf. Table IV).
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 The progressive accumulation of the enzyme on the distal side of transection goes on (in the dog) for about 20 h indicating that during this period the flow of axoplasm is maintained in fibres separated from their cell bodies. More details about the mode of settling of particles in the terminal parts of interrupted axons will be given in the next chapter. Most of the discrepancies seen in Table VIII concerning the rate and degree of accumulation and its location on the proximal side of the lesion only or on both sides of the lesion may be explained if the details of experimental procedure, in particular the length of the terminal segment and the time elapsed between the interruption of fibres and analyses is taken into account. A few divergences subsist, however. Thus Friede did not find any increase in oxidative enzymes on the distal side even as soon as 12 h after section whereas Kreutzberg could detect them clearly between 6 and 48 h. As to the neurosecretory material (Table IX) the question is more complex. Although neurosecretory granules are produced in the perikarya (Bargmann and Scharrer, 1951; Palay, 1943, 1960) and carried down the axons, they may undergo an increase in size (Gerschenfeld et al., 1960; De Robertis, 1962) on their way. It is not known whether this change reflects an additional formation of neurosecretion in the axon or physicochemical changes of other kind altering the size or stainability of particles. As Scharrer (1962) remarked recently the question may require more than one answer. For detailed discussion of various cases see the recent monograph on neurosecretion (Heller, 1962). The mode of accumulation of neurosecretory materials at the site of section of neurosecretory tracts resembles in many respects that of the enzymes. As with enzymes the increase was seen on the proximal side of the lesion only if the experiments were made several days or weeks after interruption and appeared on both sides of the lesion when tested within the first day after operation. Similarly also the presence of accumulation on the distal side and the early appearance of changes were considered to be incompatible with the concept of damming up of flow and were attributed to a local production in the axon or to degenerative changes (Hild, 1951; Christ, 1962; Diepen, 1962). Further quantitative data must be obtained, however, to decide whether the local accumulation of neurosecretory materials may be interpreted in the way outlined above for AChE as a result of translocation from other parts of the axon. The fact that up and down movements of neurosecretory granules were seen directly in axons of neurosecretory neurons in tissue culture (Hild, 1954) seems to corroborate such interpretation. Noradrenaline (Dahlstrom and Fuxe, personal communication) and acetylcholine (Saunders, personal communication) also accumulate at he interrupted ends of axons. The fact that the concentration of ACh increases there in spite of the increased amount of AChE is another indication of its being enclosed in structural particles. I
 
 Structuralparticles at the ends of$bres. Although the accumulation of enzymes at the cut or crushed ends of fibres seems to be brought about by axoplasmic streaming, it is puzzling why the migrating enzyme-containing particles do stop there. No explanation can be offered at present. It should be noted, however, that crowding of particles is not a feature particular to the artificially cut ends of fibres. ReJerences p. 56-66
 
 TABLE IX N E U R O S E C R E T O R Y M A T E R I A L S N E A R T H E SITE O F I N J U R Y O F N E R V E FIBRES
 
 Animal
 
 Nerve
 
 Lesion
 
 T~~~after interruption
 
 Proximal side
 
 Distal side
 
 Increase
 
 Absence
 
 4 days
 
 Increase
 
 Increase initially
 
 -
 
 Increase
 
 Of fibres
 
 Dog
 
 Supraoptichypophysial tract
 
 Cut, after 14 days’ thirst
 
 4-8 days
 
 Frog, toad
 
 Praeopticohypophysial tract
 
 Cut
 
 1
 
 Pituitary stalk
 
 cut
 
 Calliphora
 
 Cardiacrecurrent
 
 Ligated
 
 Rabbit
 
 Hypothalamico- Coagulated by hypophysial implanted tract electrodes
 
 Changes near the site of interruption of fibres
 
 7 days
 
 Comment
 
 References
 
 Hild and Zetler, 1953 The increase on the distal side is Hild, 1951 considered as manifestation of the initial degeneration. After 5-1 1 days neuro-secretory material disappears on the distal side Interpreted as piling up above the Scharrer and site of interruption of axons. Wittenstein, 1952 After several weeks material ceases to accumulate
 
 Increase
 
 Absence
 
 Interpreted as blocking of flow. Thomsen, 1954 Ends of fibres swollen
 
 3 , 6 and 24 h Increase
 
 Increase
 
 Ends of fibres swollen at both ends. Christ, 1962 Neuro-secretory material located close to the surface of the axons. Findings suggest local production of materials by all viable parts of neurons. Flow is assumed to be too slow to account for the early appearance of changes
 
 2 months
 
 Increase in Absence regenerated axons
 
 m
 
 A
 
 >
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 Whereas mitochondria, membranes of endoplasmic reticulum, vesicles and other structural particles are scattered sparsely throughout the axoplasm along the axons, they are densely packed in all nerve endings. The abundance of ultrastructural elements characterizes axon terminals at all central synapses (Palay, 1956; De Robertis, 1959), at efferent endings of neuro-muscular junctions both in striated (Robertson, 1956; Katz, 1962) and in smooth muscles (Caesar and Edwards, I957), in the electric organ of fishes (Luft, 1956), in the adrenal medulla (De Robertis and Vaz Ferreira, 1957b), in the hypophysis (Palay, 1960; Holmes and Knowles, 1960), in the spleen(Von Euler, 1958) and in the peripheral endings of sensory fibres (Pease and Quilliam, 1957; Fitzgerald, 1961 ; Cauna, 1961; De Robertis and Bleichmar, 1962). Even an unusual ending evaginating from the node of Ranvier of a myelinated fibre to a neighbouring dendrite i n monkeys spinal cord (Bodian and Taylor, 1963)was filled with mitochondria and vesicles. Tips of growing and regenerating fibres are also filled with particulate elements (Hay, 1960; De Robertis and Sotelo, 1952; Estable el al., 1957; Inuce, 1960; Wechsler and Hager, 1962). Whereas the advancing tip of the fibre carries the particles, the freshly formed stretch of axoplasm behind it has a normal appearance and scarcity of granules. In trying to find a dynamic interpretation of these morphological features it is tempting to assume that at axon terminals some local conditions prevail which favour settling of particulate elements. Accumulation of structural particles in the axoplasm above the site of compression or section of nerve fibres was described by several authors (Table X). It was interpreted either as a damming up of particles coming from the perikaryon or as a local formation due to stimulation by injury. Although the distal side of the lesion was not examined, it was taken for granted by most authors that the crowding of particles occurs only on the proximal side. Thus, when a connective of an insect was examined, a bundle in which nerve fibres run in both directions, and crowding of structural elements near the lesion was observed in some of the axons, it was concluded that those are the fibres descending from perikarya (Melamed and Trujillo-Cen6z, 1963). This conclusion is not correct, however, since as shown in Fig. 26, a similar crowding of particles occurs on the distal side of the lesion (Lubinska et al., 1963b). These results were obtained with light microscope on osmium tetroxide fixed fibres teased over the region of the crush and several mm on both sides of it. At such resolution the nature and details of accumulated particles are of course undistinguishable but the length and localization of the granulated region of axoplasm are easy to determine. When the nerve is removed immediately after crushing, the fibres are thinned out in the crushed region and disorganized over some 200 p or so on both sides of it, where the lumen is filled with a mixture of axoplasm and myelin. Farther away from the crush the normal appearance of fibres is resumed (Fig. 25). Tt is in this normally looking zone that from about 5 h after infliction of the lesion the axoplasm becomes filled with particles and vacuoles. The accumulatingmaterial is visible in fresh fibres in phase contrast and is strongly osmiophilic. Usually a short stretch of optically empty axoplasm separates the granulated material from the disorganized region (Fig. 26A and B). The stretch of granulated axoplasm corresponds probably to what was seen References P. S6-66
 
 TABLE X A C C U M U L A T I O N O F S T R U C T U R A L P A R T I C L E S N E A R T H E SITE O F I N T E R R U P T I O N O F A X O N S
 
 Animal
 
 Guinea-pig
 
 Nerve
 
 Sciatic
 
 Lesion
 
 Method of observation
 
 Cut, Electron regenerating microscope
 
 Amblystoma Cutaneous fibres in epidermis
 
 Amputation of limb
 
 Electron microscope
 
 Newt
 
 Amputation of limb
 
 Electron microscope
 
 Regenerating fibres
 
 Time after lesion
 
 1-12 days
 
 -
 
 2, 4, 6 and 12 days
 
 -
 
 Increased amount of. . particles near the lesion Proximal side
 
 Comment
 
 References
 
 Distal side
 
 Synaptic vesicles, mitochondria, multivesicular bodies
 
 -
 
 Image at the tip indeEstable ei al., pendent of the duration 1955 of regeneration
 
 Vesicles, mitochondria, granular material
 
 -
 
 In contact with epithelial Hay, 1960 cells axons form boutons
 
 Granules, mitochondria, dense RNA(?) particles
 
 -
 
 Tightly packed synaptic vesicles in terminal enlargements
 
 -
 
 Considered as organiInuce, 1960 zation of degenerating materials, perhaps with participation of Schwann cells De Robertis and Sotelo, 1952
 
 Chick Nervous embryo system in culture
 
 Explantation
 
 Electron microscope
 
 Rat
 
 Spinal cord
 
 Section
 
 12 h, 4 days Vesicles and Electron microscope membranes of endoplasmic reticulum, mitochondria
 
 -
 
 Thought to be formed locally from small amounts of endoplasmic reticulum present initially as manifestation of primary retrograde axonal reaction
 
 Rat
 
 Sciatic
 
 Constriction
 
 Electron microscope
 
 -
 
 Considered as manifesWeiss et al., tation of dammed flow 1962
 
 Frog
 
 Sciatic
 
 Ligation
 
 Electron microscope
 
 Densely packed mitochondria and vesicles Mitochondria, vesicles and membranes
 
 -
 
 Believed to originate in the Van Breemen e f al., 1958 perikaryon
 
 3-30 days
 
 Schlote and Hager, 1960
 
 r r c Z.
 
 v1
 
 7:
 
 p.
 
 Rat
 
 Sziatic
 
 Cut, Electron regenerating microscope
 
 Electron microscope
 
 Cut or crushed Electron microscope and phase contrast
 
 Mouse
 
 Dorso-spinal
 
 Insect, Laplatactris dispar
 
 cut Connective between 4th and 5th abdominal ganglia
 
 Rat, Rabbit, Sciatic Frog
 
 Crush or cut
 
 Electron microscope
 
 Light microscope
 
 2441 h
 
 Mitochondria, vesic!es and tubules at tips. No neurofilaments. Less dense accumulation more proximally
 
 -
 
 3-5 days
 
 Terminal zone as above. more proximally number of mitochondria has increased
 
 -
 
 30, 60, 80, 100 min and 1-20 days
 
 Mitochondria, vesicles and multivesicular bodies fill the lumen of the terminal part of axons 30 min-88 h Mitochondria and vesicles fill the lumen of some fibres near the lesion
 
 5 h-3 days
 
 -
 
 ?
 
 Same appearance at the Wechsler and tips of regenerating Hager, 1962 sprouts. The early appearance points to local formation by stimulated axoplasm since the flow, considered to occur at a rate of 1 mm a day, would produce effects much later 5 mm proximal to the lesion axons appear normal. After 27 days axoplasm of freshly myelinated and unmyelinated fibres has again normal appearance Appearance of granules Wettstein and Sotelo, 1963 interpreted as local neuroplasmic reaction. Sharp transition is seen between granulated and normal axoplasm
 
 Assumed on the proximal Melamed and side only, Fibres TrujilloCenbz, 1963 running in both directions, those in which no changes are observed are believed to be on the distal side of the lesion Dense packing Dense Almost completely fill the Lubiliska et al., packing lumen of the axon over 1963b of osmiophilic of about 100 p. Sharply granules and delimited from normally osrniovacuoles somewhat philic looking axoplasm above the granules nearer the lesion, gradual transition to lesion and vacuoles normal axoplasm away somefrom the lesion what below the lesion
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 Fig. 25. Diagram showing configuration and sites of altered parts of a crushed nerve fibre. 1 = crushed part; 2 = disorganized region filled with mixed axoplasm and niyclin on both sides of the crushed part; m = myelin; a = axoplasm; g.a. = granulated axoplasm. 1 = fibre removed immediately after crushing. 11 = fibre removed several hours after crushing showing accumulation of granulated osmiophilic materials in the preterminal region of axoplasm (g.a.) and closing of myelin separating the disorganized part of the fibre from the normally looking axoplasm.
 
 with electron microscope as a region filled with mitochondria, vesicles and profiles of endoplasmic reticulum. As seen in Fig. 26 the accumulation of structural particles appears on both sides of the lesion. The comparison of these pictures obtained on isolated nerve fibres with sections of crushed nerves stained for acetylcholinesterase activity shows that localization of accumulation of this enzyme and of particulate materials coincide, The published pictures of other enzymes (Gould and Holt, 1961 ;
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 Fig. 26. Appearance of the granulated osmiophilic material in the axoplasm on the proximal and distal side of the crushed region in fibres from the sciatic of rat. Fibres were teased after fixation of the crushed nerve in osmium tetroxide. Proximo-distal orientation of fibres from top to bottom. Upper part = proximal sidc. Lower part = distal side. Arrows show the tips of the osrniophilic zones. Crushed zone is not shown. A = 5 h; B and C = 24 h after crushing; D = longitudinal section of the nerve stained for AChE activity by Koelle and Friedenwald (1949) method 24 h after crushing (Lubinska et al., 1963b).
 
 Kreutzberg, 1963) accumulating near the site of interruption of axons present similar localization. It may be inferred from these data that sectioning or crushing of nerve fibres which produce blind ends at the place of a previously continuous axonal pathway leads to a progressive accumulation of structural elements, among them of enzyme containing particles, in the terminal cul-de-sac of axoplasm. Thus, so far as heaping up of structural elements is concerned, the artificial ends of fibres produced by interruption of axons exhibit similar properties to those of natural nerve endings. To some RLferences p. 56-66
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 extent, as Hebb (1957) remarked elsewhere, a cut end of fibre may be considered as a model of nerve terminal. It should be stressed that the proximaland, beforeits degeneration, the distal end of cut fibres behave similarly in this respect. The filling of all blind ends of axons, whether functional or not, suggests that it is the configuration of these sites that favours the deposition of structural particles carried by the axoplasmic stream. Summary A partial constriction or complete interruption of axons produces a series of changes which may be interpreted as results of interference with the normal flow of axoplasm. Weiss’ classical experiments and his concept of the proximo-distal flow of the whole axoplasmic column at a rate of 1-2 mm a day are analyzed and certain inherent difficulties of this theory are discussed. It is shown that biochemical and structural changes observed near the site of interruption of axons during the period of survival of parts separated from cell bodies point to the existence of bidirectional streaming of axoplasm at a rate of about 30-60 mm a day. Similarity between the accumulation of structural particles in the axoplasm near the cut ends of fibres both proximal and distal on the one hand, and crowding of mitochondria, granules and vesicles in all natural nerve endings on the other, is stressed. 1V. T H E P A T T E R N O F C Y T O P L A S M I C S T R E A M I N G I N T H E N E U R O N
 
 Although cytoplasmic streaming was first described in the XVIlI century and was being studied continually ever since, there is, as yet, no generally valid theory of the mechanism of streaming. At various periods one or another physico-chemical agent was thought to generate the motive force. Surface tension, contractility of the exoplasmic gel and reversible solation and gelation of various loci of the cell, changes of configuration and physical and chemical properties of protein molecules were invoked as a determining factor, only to be dropped when investigation of new materials or more extensive information concerning the materials studied hitherto became available. These theories were reviewed not long ago by Noland (1 957) under the eloquent title ‘A perennial puzzle’. The pattern of cytoplasmic streaming in the neuron outlined here in purely descriptive terms is based mainly on the following experimental results discussed in the foregoing chapters : (1) Rapid bidirectional streaming of axoplasm seen directly on accelerated cinematographic records of axons in tissue culture and the widespread occurrence of such type of streaming in elongated processes of other cells. (2) Maintenance of streaming in axons freshly separated from their cell bodies. (3) The crowding of structural elements at all natural nerve endings and at artificial ends both proximal and distal created by crushing or cutting the nerve fibres.
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 It will be seen that in spite of the extraordinary length of the axon the character of streaming in the neuron is fundamentally similar to that of many other types of cells. In cells of usual dimensions continual back and forth streaming of materials between the perinuclear region and the periphery of the cell was often described (Goldstein, 1960; Rose, 1960; and others). In some cells the endoplasmic reticulum is visible in vivo with light microscope, the depth of focus including enough of the curvature of its profiles. Several instances have been described in which incessant rapid sinuous movements of the endoplasmic reticulum were observed directly (Rose, 1960; Thiery, 1960; Rose and Pomerat, 1960). In the cell body of a neuron the cytoplasm also appears to be in a state of continual streaming involving the membranes and other structural elements. This was suggested even by inspection of electron micrographs of perikarya where ‘the variability of orientation of endoplasmic reticulum indicates that the configuration of these elements is probably unstable, changing continually under the influence of streaming movements in the cytoplasm and metabolic transformations in the cell’ (Palay and Palade, 1955). In the living perikarya dissociated from dorsal root ganglia of rat, pig and hamster Adamstone and Taylor (1953) observed for several hours a slow sinuous undulating and shifting motion of an intricate net of membranes up and down the cell, sometimes rhythmic sometimes erratic. This motion stopped when the cells died. Although it is unlikely that these movements do not spread all the way along the axon, no direct observations of the whole neuron are available, probably because of the great length of the axonal process. The movements observed in the perikaryon in conjunction with bidirectional streaming of axoplasm in the axons observed in other experiments suggest that the neuronal cytoplasm circulates from the cell body along axon to its endings and back again to the cell body. The rate of streaming, either determined by direct measurements of translocation of granules in the axoplasm or calculated from various types of indirect evidence, such as the longitudinal propagation of some morphological and functional disturbances observed after nerve section, the course of accumulation of AChE near the cut ends and the initial spread of radioactivity in the axons after injection of radioactive tracers, appears to be some 30-70 mm a day. There are indications that the Schwann cells may play a contributory role, both metabolic and mechanical, in the maintenance of streaming along axons. Although certain structural elements, the nucleus and the RNA granules of the endoplasmic reticulum, are confined to the perikaryon, other - mitochondria and smaller particles and vesicles and loops of membranes - migrate with the stream in the axons. The uneven distribution of structural particles in the axons seen in fixed preparations, their paucity in the cylindrical parts and extreme crowding at all blind ends, whether natural or artificial suggests a dynamic origin. It is tempting to speculate that particulate components carried with the axoplasmic stream tend to settle down at places where the rate and direction of streaming are changing. Although in the present state of axonal rheology no explanation of this tendency can be offered, this hypothesis is to some extent corroborated by a few other findings. Thus, at the nodes Referenees p , 56-66
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 of Ranvier where the diameter of the axon is reduced to about a half and in the adjacent paranodal bulbs where it is dilated, the concentration of mitochondria and other particles is increased as compared with that in other parts of the internode (Robertson, 1960; Williams and Landon, 1963). The rate of flow through the nodal region was never measured, it may be surmised on general grounds that it is slowed in the bulbar dilatations and accelerated in the narrowed lumen of the node. Probably the increased density of neurofilaments in the node (Cajal, 1928) reflects the increased rate of flow at this point. On similar lines one may speculate that the absence of neurofilaments in the nerve endings (Wechsler and Hager, 1962; and others) may be an indication of the absence of flow there, since flowing elongated macromolecules tend to be oriented with their long axis parallel to the direction of flow and this orientation is lost on stopping. In assuming that the mode of streaming in the normal neuron resembles a kind of cyclosis, the events occurring when the continuity of axonal process is interfered with may be described in the following way. When a nerve fibre is cut, the amputated part will eventually degenerate. Between the moment of division and the onset of degeneration there is, however, a period of survival during which the axoplasmic streaming continues. In this respect the amputated parts of nerve fibres resemble the anucleated fragments of other cells, in which the surgical intervention does not abolish the motion of cytoplasm. In transected nerve fibres new blind ends are created near which presumably the stream of axoplasm turns back. At these loci where the direction and rate of streaming change various particles carried by the streaming axoplasm tend to be deposited. In a fragment of fibre cut at both ends the settling of particles occurs at each transection. In cut mammalian fibres the streaming of axoplasm and the deposition of particles continue for about one day after section. The material accumulated at the newly created ends may be detected, however, for a longer period and remains sometimes trapped in the terminal region even after formation of ovoids. The increased amount of mitochondria in the paranodal region observed by De Webster (1962) 24-36 hours after nerve section may be due to an incipient disorganization of streaming which would be apparent first not in the cylindrical part of the internode but at places where changes of rate of streaming are bound to occur. On the proximal side of the section the ends of fibres remaining in continuity with the cell bodies behave initially similarly to those on the distal side. The time course of accumulation of materials at the ends is at the beginning similar to that of divided fibres, indicating that any events occurring at that time in the perikaryon are not yet felt at the axonal ends. The influence of the perikaryon becomes manifest at somewhat later stages leading to an orderly regeneration of the amputated part. During the period of regrowth of the axon the general character of axoplasmic flow remains unaltered. The streaming of axoplasm in the regenerating part is bidirectional and particles are accumulating at the growing tip. Since the rate of streaming is considerably higher than that of the advance of the growing tip, the latter seems to be determined by the difference between the amount of axoplasm arriving from the perikaryon to the growing tip and that carried back to the cell body by ascending
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 layers of axoplasm. The process of regeneration may be arrested under conditions which do notmuch affectthe axoplasmic streaming. Thus, the lowering of temperature below a critical value stops the elongation of nerve fibres presumably by inhibition of some synthetic processes in the perikarya, whereas the axoplasmic streaming, at a slightly reduced rate may continue under these conditions. The proposed description of axoplasmic motion in normal and regenerating fibres seems to offer a more unified interpretation of various aspects of physiology of the neuron than the concept of the proximo-distal advance of the whole axoplasmiccolumn. SUMMARY
 
 Various types of experimental evidence either disclosing directly the movements of cytoplasm in the neuron or best interpreted by assumption of the existence of these movements, are analyzed. The description of the pattern of axoplasmic streaming proposed here is based on the following experimental results : ( I ) In the isolated perikarya of neurons incessant movements of cytoplasm involving shifts of membranes and granules were observed. (2) Direct observation of individual nerve fibres in tissue culture and in vivo shows bidirectional movements of granules in the axons and cellulipetal migration of droplets taken up by pinocytosis at the axon tips. (3) The rate of displacements of granules, greatly exceeding that of elongation of regenerating fibres, indicates that the elongation is determined by the difference between the amount of axoplasm arriving from the perikaryon to the axon tip and that flown back to the perikaryon. (4) The migration ofradioactive tracers and the longitudinal spread of some physiological and morphological disturbances along the axons at rates of 20 to 70 mm a day. (5) Temporary persistence of axoplasmic streaming in axons freshly separated from their cell bodies observed directly in individual fibres under the microscope and revealed in cut nerve trunks by the appearance of new growth cones and branching of fibres at the proximal end of the peripheral stump. (6) Accumulation of granulated materials and various enzymes on the distal as well as on the proximal side of the lesion in cut or crushed nerves. This shows that during the period of survival of fibres separated from their cell bodies the blind ends of their axons created by transection exhibit properties similar to those of blind ends of fibres remaining in continuity with their cell bodies. A similar crowding of particles occurs at all natural nerve endings. A hypothesis is put forward that the membranes and granules carried by the stream of axoplasm tend to settle down at all terminal cul-de-sacs of axons whether natural or artificial. These facts suggest the existence of a continual migration of the neuronal cytoplasm from the perikaryon to the nerve endings and from these back to the perikaryon ensuring the metabolic unity of the nerve cell. They suggest that the pattern of streaming in the axons is bidirectional, some axoplasmic layers moving in the cellulifugal and other cellulipetal direction. Tn warm-blooded animals the rate of streaming is about 30-70 m m a day. The similar character of streaming in the axons and in elongated processes of other types of cells is stressed. References p .S6-66
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 DISCUSSION
 
 ECCLES:I am very interested indeed in these convincing experiments showing that there is a streaming of organized particulate material in both directions along nerve fibres. Physiological experiments lead us to postulate the movement of trophic influences in both directions along nerve fibres; for example, from neuron to muscle and from muscle to neuron. The only misgiving I have is that the crush gives such a violent destruction of the axon. I, therefore, wish to ask if there has been any experimental investigation using more physiological and reversible methods to check the streaming movements, For example, a very localized freezing or cooling of a thin nerve trunk should be possible for at least 24 h, and following that there should be recovery giving a very good control of the results consequent on the temporary blockage. Another possible method of producing a very localized and reversible blockage is by a careful adjusted mechanical pressure applied by a clamp that can, for example, block conduction of impulses without being itself severe enough to cause degeneration. L U B I ~ ~ S So K Afar : we used only the mechanically interrupted axons. It is a very good suggestion to apply a localized freezing. It should permit to observe what happens to the accumulated material after resumption of flow. Graded mechanical pressure is perhaps less suitable for this type of quantitative experiments since various fibres of the nerve would be affected differently according to their diameter and the position they occupy inside or on the surface of the nerve trunk. GLEES:I would like to ask: how old was the culture of the chick embryo of the spinal motoneuron you showed? Which technique did you use and how long did the cell survive? LUBIT~SKA: The film was from Dr. Nakai of Tokyo who kindly agreed to my showing it here. He used spinal ganglia and cord from chick embryo; the time of incubation was 7-12 days, after 6-7 days in culture.
 
 HORSTFEHR: Do you think it will be possible to say that in the clear zone of the axon there is a higher dipole (en) concentration than in the proximal (? e+) and distal (?e -) ends? No attempt was made to analyze the results obtained in these terms. LUBIT~SKA: VONEIDA: Would you comment on the possible attracting forces involved between a regenerating nerve fibre and its points of destination? I am referring particularly to the recently reported work of Attardi and Sperry in which surgically displaced regenerating optic nerve of the goldfish was found to retrace its original pathways into the tectum. L U B I ~ S :KI Ahave no idea how to explain these remarkable phenomena. References p . 71
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 DISCUSSION
 
 GUTMANN: There is one question which has always puzzled me, and that is the problem of the physiological significance of the intra-axonal streaming, and especially the rate of the processes. One is confronted with this question in studying the breakdown and re-synthesis of proteins in the nerve after functional activity. The normal protein content is restored in about 1 to 3 11. This is very difficult to explain without assuming local synthetic processes. There are, apparently due to the activity of Schwann cells, local processes of re-synthesis with a very high rate. In regenerating nerve the incorporation is about 6-700% higher than in normal nerves. This can partly be explained by the number of Schwann cells involved. My main question is: do you think that the intra-axonal streaming has something to do with this type of processes?
 
 L U B I ~ S K Cytoplasmic A: streaming is essentially an intracellular phenomenon and goes on also in axons unaccompanied by Schwann cells. It is likely however, that Schwann cells may exert a modulatory influence on axoplasmic streaming either by metabolic contributions or by mechanical massaging. Rhythmic contractions of Schwann cells in culture were described by Pomerat (1959). Peterson (quoted by Murray, 1959) showed that nuclei of Schwann cells turn around the axons in cultures. There seem to be no investigations concerning the possible influence of the motility of Schwann cells on the translocation of materials inside the axons. As to the physiological significance of intra-axonal streaming, migration of axonal materials was postulated on physiological grounds to explain the interdependence of various parts of the neuron long before the streaming was actually detected. SINGER: Would you comment on Weiss' theory of peristaltic movements and can it explain your theory of bidirectional movement? LUBI~ISKA: If I am not mistaken a full paper with analysis of the film and statement of the theory of peristalsis in nerve fibres has not yet appeared. It is difficult to form an opinion by simply watching Weiss' film. I saw there many wandering Schwann cells and axons breaking down into ovoids, both indicating the presence of degenerating fibres. Presumably the peristaltic waves were detected in non-degenerating fibres but no details are given in the abstract published in Science. KREUTZBERG: May I underline the results of Prof. Lubiliska by some histochemical investigations? After cutting or crushing or freezing the nervus ischiadicus of the rat you get the same changes in oxidative enzymes (like DPN-diaphorase or succinic dehydrogenase) as Prof. Lubiiiska has shown it for AChE. Enzyme activity increases in both the peripheral and the proximal stumps. The same results were obtained after transection of the spinal cord. In isolated pieces of peripheral nerves we found also an increase of oxidative enzyme when the isolated piece was longer than I cm. The accumulation was to be shown in the axons of both ends of the pieces.
 
 A X O P L A S M I C S T R E A M I N G I N NERVE FIBRES
 
 69
 
 Fig. 1 . N. ischiadicus of the rat. An accumulation of DPN-diaphorase is shown in the proximal (p) and the distal (d) stump, 24 h after transection of the nerve.
 
 ECCLES:As a physiologist one is particularly interested in the fine machinery of the axoplasm that subserves movement of the particulate material in both directions. For example, is it possible that the neurofibrils provide a structural basis throughout the cross section of the axoplasm that is concerned in the propulsion? LWBII~SKA: It seems that at present the motile function cannot be assigned to any determined morphological structure. Some may be excluded, however. Since the streaming continues in axons separated from the perikaryon, its components cannot be the immediate source of propulsion. A finer analysis of factors involved in cytoplasmic streaming was made on other cellular material where it was shown, as in the previously quoted experiments of Allen, that the presence of the cell membrane is not essential for streaming. Thus Thompson and Wolpert (1963) describe the following behavior of gently homogenized amoeba1 cytoplasm contaminated very slightly with membranes. At 4" only Brownian movements of granules are visible. On addition of ATP under appropriate conditions sudden jerky displacements of granules appear distinct from Brownian motion. Progressively streams of granules become arranged in parallel lines moving in opposite directions through the bulk of cytoplasm. The rate of granules may be 80 ,&ec for distances of 600 p. There is no net transfer of material in any direction. This type of movement resembles that seen in intact cells. These results, along with those described earlier, seem to indicate that the motility of cytoplasm is connected with its molecular organization rather than with'ycellular architecture on the microscopic level. Theories interpreting the bidirectional :pattern of cytoplasmic streaming were proposed recently by Allen (1961), Kavanau (1962a, b), and Jahn and Rinaldi (1959). HORSTFEHR: Will the progressive outflux of substances on the distal side of the axon be accompanied by an outflux on the proximal side or by an influx, or will there be simultaneous material changes on both sides? References p . 71
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 DISCUSSION
 
 LUBII~SKA : In an excised nerve fibre the outflow is observed at both ends. S C H A DI~ was : much impressed by the quantitative data of acetylcholinesterase. I n view of the process of regeneration and the subsequent mechanisms of degeneration it would be of much interest to know about the amount and distribution of lactic dehydrogenase. Do you know any quantitative data on this subject or can you make a prediction about the localisation and distribution? One would expect the same distribution as AChE.
 
 LUBII~SKA: Several enzymes accumulate at the ends of interrupted nerve fibres and present in histochemical preparations a similar localization in the terminal region of axoplasm. As far as I know, there are no quantitative data on the subject except for acetylcholinesterase. Perhaps Dr. Kreutzberg who studied oxidative enzymes in cut and crushed nerves could answer your question better. KREUTZRERC : Histochemically lactate dehydrogenase shows the same behavior as AChE. There is an increase in both stumps after cutting or crushing the peripheral nerve. Quantitative studies of the distribution of LDH in proximal and peripheral parts of normal nerves are unknown to me. SINGER: If I understood your thesis correctly, you assume that the neuronal process resembles the cytoplasmic processes of other cells ; in that there is bidirectional movement of protoplasm within it. However, you do recognize that the movement is predominantly proximodistal, but there is also a disto-proximal movement, perhaps to a lesser degree. This can be demonstrated particularly with crushing. At the moment you have no theory for the forces which cause the movement in one direction or the other direction at the same time, but I assume you believe that this bidirectional movement occurs at the same time. You also believe that the rate of movement can change at tinies and be relatively greater in one direction than the other? Would you care to comment on these thoughts? L U B I ~ S KBidirectional A: movements of granules in the axons were described by many workers in tissue culture and by Speidel in growing cutaneous fibres in vivo. I think that there is no reason to assume the existence of a fundamentally different pattern of streaming along axons in the nerve trunks. This working hypothesis seems to be confirmed both by the biochemical experiments reported here and by the behavior of the proximal stump of cut nerves described by Ranson and Cajal. It is also helpful for interpretation of many aspects of neuronal biology such as reaction of the perikaryon to amputation of a part of its axon or, more generally, to the events occurring at the periphery. As to the question whether the movement in the proximo-distal direction predominates over that in the distal-proximal direction, it may be answered positively for growing and regenerating fibres. The answer is less certain for mature nerve fibres
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 of stationary length where net transfer of bulk materials towards the nerve endings is not visible. Our experiments with AChE seem to indicate that more of this enzyme is carried in the proximo-distal than in the opposite direction. But, possibly, AChE which has a specific function at axon terminals and may be used up in some way there is not a best index for estimation of the amount of substances flowing in each direction. I would anticipate that other components which take part i n the general metabolism of the nerve fibre without having a specialized function at the endings might behave differently in this respect and accumulate in similar amounts on both sides of the lesion during the period of survival of the cut fibres. We are trying to solve this problem experimentally. If the interpretation proposed here is correct, various components would behave differently according to their state in the axoplasm and locus of utilization: (1) Substances dissolved in the axoplasm would not change appreciably in concentration near the cut ends offibres ;(2) Substances incorporated into structural particles would accumulate at the cut ends. The rate of accumulation would depend on the rate of streaming and on the amount of the investigated substance flown in each direction in unit time. It is only by sampling the rates of accumulation of many constituents that an estimate of the rate of streaming of axoplasm may be arrived at. We are in this respect in a much more difficult position than with neurons in culturc where the rate of translocation of granules can be measured directly. REFERENCES KAVANAU, J. L., (1962a); On the genesis of cytoplasmic streaming. L$e Sciences, 5, 177-183. J. L., (1962b); Cytoplasmic streaming and non-equilibrium interfaces. Exp. CeN Res., 27, KAVANAU, 595-598. POMERAT, C . M., (1959); Rhythmic contractions of Schwann cells. Science, 130, 1759. C. M., AND WOLPERT,L., (1963); The isolation of motile cytoplasm from Amoeba THOMPSON, proteus. Exp. Cell Res., 32, 156-160.
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 I. G E N E R A L A S P E C T S O F N E U R O T R O P H I C R E L A T I O N S
 
 Interruption of a peripheral nerve initiates a complex chain of interrelated changes in the neurone and innervated tissues which ultimately may lead to complete loss of structural integrity. Profound changes in regulation of intercellular relationships are apparently initiated by nerve section, and are reversed by the regeneration process. We have to assume a very close metabolic relationship between nerve cell, nerve fibre and muscle cell and evidently this metabolic relationship is disturbed after nerve section and re-established during the regeneration process. Intercellular relations or connections in the neuromuscular system are realized either in events which are of short duration, usually of fractions of a second - brief functional changes that occur with transmission of nerve impulse activity, synaptic facilitatory and inhibitory reactions and which are explained by membrane changes (cf. Eccles, 1957) -or in long term ‘trophic’ regulations which maintain and restore the structure and the functional capacity of the cells and which may not be identical with transmission of nerve impulses and junctional transmission. The evidence for such nervous mechanisms that mediate ‘neurotrophic relations’ is mostly indirect, derived from studies of (a) morphogenesis (Hamburger, 1954; Studitskii, 1959; Zelenh, 1959), (b) denervation (Gutmann, 1959), (c) nerve cross-unions (Eccles, 1963) and (d) regeneration (Gutmann and Young, 1944; Desmedt, 1950, 1959). The term ‘neurotrophic relations’, i.e. nervous mechanisms not regulated by nerve impulse activity, implies, that approaches will be used which are to some extent different from those of classical neurophysiology which explains nerve-muscle relations basically as direct results of nerve impulse transmission, liberation of a specific transmitter substance and excitation of the postsynaptic membrane. Another approach to the problem of nerve-muscle relations concerns long-term regulations
 
 N E U R O T R O P H I C R E L A T I O N S I N THE R E G E N E R A T I N G PROCESS
 
 73
 
 and presupposes that in these relations mechanisms are operating which are relatively independent of nerve-impulse activity. These mechanisms have been vaguely defined as trophic and evidently need exact definition. It is understandable that the growing interest in these nervous mechanisms comes at a time when the problem of plasticity of the nervous system, being the basis of ‘learning’ and conditioning, is attacked at simpler levels of the mammalian central nervous system (cf. Sperry, 1945; Eccles, 1958, 1961b; and others) and also at a time when the general principles of the mode of operation of the central nervous system seem to have been established. The neurone theory, according to which each neurone acts as a unit in an excitatory or inhibitory manner by means of synaptic contacts, has played a central role in this development. The definition of the nerve impulse in peripheral nerve fibres and of neuromuscular transmission (cf. Katz, 1958) in exact physico-chemical terms (Hodgkin and Huxley, 1952; Castillo and Katz, 1956) and the probability that the same mechanisms are also operative in the central nervous system (Eccles, 1957, 1961a) have raised hopes that application of these general basic laws of the physiology of the nervous system would be sufficient for a uniform explanation of all coordinated behaviour of the whole nervous system including of course the neurological basis of learning and conditioning. In this sense the effect of use and disuse would be induced basically by increased or decreased synaptic efficacy and thus be the ‘synaptic basis of learning’ (Eccles, 1958, 1961b). The original theory (Cajal, 1935) stresses especially the anatomical, genetic, functional and ‘trophic’ unity of the neurone. The characteristics of the so called trophic unit of the neurone were first defined by Waller (1852), who stated that the nerve when separated from its ‘trophic centre’, i.e. the nerve cell, degenerates, whereas the central stump connected with the nerve cell remains undisturbed. Shortcomings of this doctrine became already clear to the founder of the neurone theory and characteristically they apply to the nature of intercellular neurotrophic relations. Cajal (1935) draws attention to the changes in nerve cells following nerve section and to the difficulty of a concept ascribing the maintenance of a cell projection so distant from the nerve cell to ‘nutrition’ from the neurone only. Further difficulties were encountered later by extending the ‘law of dynamic polarization’ (Cajal, 1935), concerning the direction of conduction from cell to axon (axipetal), to all neurones. However, in spinal ganglion cells the perikaryon of the nerve cell is separated from the mechanisms of production and conduction of the nerve impulse and thus the primary trophic role of the perikaryon in the neurone, irrelevant of its relation to ‘dynamic polarization’, can not be neglected and its position in the neurone is related rathertooutgrowth and metabolic maintenance processes than to conduction and polarization of the neurone (Bodian, 1962). This would suggest a certain independence of the function of response generation and transmission related to synapse bearing surfaces with respect to that of ‘maintenance’ related to the perikaryon (cf. Bodian, 1962). Denervation and reinnervation experiments also suggest a differentiation of a ‘trophic’ and ‘specific’ (associated with nerve impulse activity) function of the nerve cell (cf. Gutmann, 1962a,b). Whatever the implications of such a far going differentiation may be, study and References p . 106-112
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 elucidation of neurotrophic relations will be of great importance for an understanding of the plastic changes occurring also in the highest integrative functions of the central nervous system and it appears that we have to deal here also with neural influences not transmitted only by nerve impulses as such. These intercellular ‘neurotrophic relations’ can best be studied in the neuromuscular system as connections and target organs are well defined. It can, however, be expected that the implications of such studies will be equally applicable to interneuronal relations i n the central nervous system. The choice of such different terms as neurobiotaxis (see Ariens Kappers, 1932), resonance relations between nerve and muscle (Weiss, 1924), modulation (Weiss, 1955), repercussion (Golikov, 1950; Ufljand, 1950), only indicates that we have to deal with a difficult problem and that there is a long way to go before clarification of these problems will be achieved. It is apparently in face of these difficulties that conclusions are now arrived at, stating that the functional picture of the nerve cell is deficient i n so far as it fails to account for the plastic and developmental phenomena (Eccles, 1957). Generally, we define trophic functions as the mechanisms maintaining and restoring the structure and the functional capacity of tissues and we may consider them to be a kind of homeostatic system of the organism maintaining adequate conditions for functioning. For a long time the maintenance of the internal environment by selfregulatory mechanisms was thought to be the decisive or exclusive kind of homeostatic system. The principle of the constancy of the internal environment, the milieu intirieur, has been formulatedfirst by Bernard (1865). We may recall his statement: ‘La fixitCdu milieu intCrieur est la condition de la vie libre, indCpendante.’* This idea was further elaborated by Barcroft (1934) and Cannon (1939a), who also emphasized the maintenance of internal environment. Cannon stressed, however, the importance of special neural, i.e. adrenergic mechanisms. Lately, however, emphasis has shifted from ‘intercellular fluid’ regulation to intracellular regulation (Heilbrunn, 1956; Krebs, 1957); regulation of the milieu intkrrieur is no longer the dominant focus of such regulation studies. From these tendencies it is only a step to a more intensive interest in the physiology of intercellular regulations which for a long time has mostly been the concern of morphology and embryology only. The study of neurotrophic relations thus appears to be an important aspect of the physiology of homeostatic regulations. ‘Maintenance’, being the result of a dynamic equilibrium between processes of degradation and synthesis, is continuously ‘deranged’ by repeated stimuli of the environment and will primarily entail the recovery processes which are either connected with or follow functional activity (or gross tissue damage in ‘reparative regeneration’). In the recovery processes following physiological activity or tissue damage no qualitative differences are to be expected and essentially we have to deal with metabolic adaptations to changing requirements. In the study of neurotrophic relations we are concerned with the long-term metabolic interdependence of the innervated tissue and the neurone and with the regulations safeguarding it. This dependence, maintained by nervous ‘trophic’ mechanisms, is inter-
 
 *
 
 ‘Constancy of the internal environment is requisite for free, independent life.’
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 rupted by nerve section and restored during the process of regeneration. It is by these processes that structural dependence and relations are uncovered. However, structural relations are essentially metabolic relations. This is impressively exemplified for instance in the axon-Schwann cell relations (Geren, 1956). The difficulty of the study of ‘trophic’ (non-impulse) nervous control mechanisms affecting cellular metabolism and intercellular relations is due to the fact that these mechanisms cannot be analyzed succesfully until our knowledge of the regulation of cell metabolism is more complete. The nervous regulations are evidently superimposed on fundamental cellular control mechanisms ( c - Stadie, 1954)which concern not only regulation of the rate of metabolism by changing the enzyme-substrate system but also other reactions such as the effect of metabolic ‘pace makers’ (Krebs, 1957) and different feedback mechanisms in cellular metabolism. It could be assumed that the mechanisms regulating neurotrophic functions will operate especially by controlling breakdown and synthesis of cellular constituents, especially of proteins. Regeneration (in the sense commonly used, i.e. following nerve interruption) is an important aspect of these studies since during this process the regenerating neurone has to synthesize not only its very long cell process, the axon, but apparently initiates and is responsible for the maintenance and recovery of proteins in the innervated tissues. A marked increase of synthetic processes after different stimuli can be seen in both recovery processes, i.e. during ‘repxative’ regeneration and after functional activity. During reinnervation of muscle, glycogen synthesis is first lowered (during the denevc:rtion period), then raised above initial
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 Fig. 1. Glycogen content of m.extenscr digitorum longus of rats after administration of glucose during reinnervation, expressed as percentage of glycogen on the control side. (A) 10 days, (B) 20 days, (C) 30 days after crushing the nerve. (From Beranek et al., 1954.) Rpferencesp.
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 levels and returns back to normal at later stages of reinnervation (Fig. 1) (BerBnek er al., 1954). In analogy, during muscle stimulation or other types of functional activity glycogen is broken down and returns to normal levels after an overshoot reaction (Fig. 2) (Gutmann et al., 1954). These oscillations are suggestive of a feedback mechanism. A disturbance of these regulations apparently takes place in the denervated muscle. The accentuation of proteosynthesis both during the process of recovery after functional activity and during ‘reparative’ regeneration can also be
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 Fig. 2. Changes in glycogen resynthesis after direct stimulation (frequency 120/min, total number of stimuli 450) in normal (unbroken line) and denervated (broken line) m. tibialis in rats, expressed as percentage of the normal or denervated muscle of the control side. The initial values are those found immediately after stimulation of the muscle. Abscissa, time in minutes. Ordinate, percentage of glycogen resynthesis. (From Bass et al., 1955.)
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 Fig. 3. Changes in ribonucleic acid concentration (y P/mg N) expressed as percentage of concentration in the muscle of the control side, in reinnervated m. tibialis anterior of rats 30 days after crushing the nerve (reg), 2 h after direct stimulation of the muscle (muscle stimul.) and in muscle undergoing compensatory hypertrophy (7 days) after cutting the nerves of the control side (comp.hyp.).
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 seen i n the changing ratio of ribonucleic acids to proteins (RNA/N) in a muscle after stimulation and during reinnervation and compensatory hypertrophy (Fig. 3). Increased RNA synthesis precedes proteosynthesis also in regenerating liver (Elliasohn et al., 1951), after administration of growth hormone (Cater et al., 1957) and after stimulation of muscle (Zak and Gutmann, 1960; Gutmann and &k, 1961b). This change in RNA/N index during reinnervation and following stimulation of muscle demonstrates the considerable accentuation of proteosynthesis in both cases. These parallelities can, of course, be expected when both recovery processes are considered as homeostatic mechanisms inducing recovery of cellular constituents that are lost during functional activity or following nerve interruption. Long-term regulations of the neurone concern especially the control of degradation and synthesis of proteins, i.e. change of their rates under different conditions. Thus a change in the general pattern of metabolism of proteins can be observed in all parts of the neuromuscular unit during denervation and reinnervation. In denervated muscle proteolytic activity (being a measure of the rate of degradation of proteins) increases and it returns to normal during reinnervation of the muscle (Fig. 4) (Hajek et al., 1963) PROTEOLYTK’ ACTIVITY - M SOLEUS
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 Fig. 4. Changes in proteolytic activity in soleus muscle in 3-month-old rats, expressed as percentage of proteolytic activity in the control muscle. Vertical lines, extinction values in per cent of control side. Abscissa, days after operation. D, denervation; R, reinnervation. (From Hajek et al., 1963.)
 
 The rate of proteosynthesis, as shown by the incorporation of 35S-methionine into the proteins of denervated muscle, appears only slightly affected. However, there is an increase in free amino acids in the muscle, apparently caused by the changes in the denervated muscle membrane. These free amino acids cannot, however, be properly utilized, proteolytic activity is increased and thus atrophy takes place (Fig. 5 ) (Gutmann and Hajek, 1963). In the reinnervated muscle proteolytic activity returns only slowly to normal levels but there is increased proteosynthesis with normal utilization of free amino acids, which results in progressive ‘muscle hypertrophy’. After nerve interruption different changes take place in the nerve cells and nerve trunk, these being apparently the result of a n ‘adaptive reaction’ of the neurone to tissue damage and loss of proteins. In the nerve cell there is an increase in proteosynthesis (as measured by histoautoradiographic technique) already 3 days after nerve section, Referenc8s p. 106-112
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 followed by a decrease if reinnervation of the end organ does not take place (Fig. 6 ) (Gutmann et al., 1960). In the peripheral degenerating nerve trunk there is a considerable increase in proteosynthesis apparently due to the ‘adaptive’ reaction of the proliferating Schwann cells connected with the regeneration process. This is
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 Fig. 5. Black columns: percentual changes in proteolytic activity and in specific activities of 35Sniethionine in denervated (3 days after nerve section) and reinnervated (30 days after crushing thenerve) m. tibialis anterior of rats, 1 h after i.v. injection of the labelled methionine (200 yC/lOO g). Broken line: proteolytic activity and specificactivity of the same labelled compound in muscle of control side taken as 100 %. TCA sol., trichloroacetic acid soluble fraction in the corresponding muscles. (From Gutmann and HAjek, 1963.)
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 Fig. 6. Percentual change in number of grains in nerve cells of the spinal cord as shown by histoautoradiography, 3 and 90 days after cutting the sciatic nerve, compared with that of the normal control side (100%) in young rats. (From Gutmann ef al., 1960.)
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 followed by a decrease in the rate of proteosynthesis apparently related to the decrease in proliferation of Schwann cells (Fig. 7). These examples may suffice to show some aspects of the changing pattern of protein metabolism in the neuromuscular unit during denervation and reinnervation. NERVE
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 Fig. 7. Percentual changes of specific activity of 35S-methioninein proteins of degenerated (5 days after section) and regenerated (30 days after crushing) sciatic nerve of rats after 1 h incubation in 5 ml Krebs-Ringer solution containing 1 pC/ml 35S-methionine.Broken line: specific activity of the same labelled compound in nerve of control side as 100 %. TCA sol. : Trichloroacetic acid soluble fraction in corresponding nerves. (From Gutmann and HAjek, 1963.)
 
 Study of neurotrophic relations between the nerve and muscle cells during regeneration concerns both the dependence of the neurone on changes in terminal organs and that of the terminal organs on changes in the neurone. Evidently neuroembryological studies concerning the factors controlling early stages of neurone development, nerve growth and establishment of neurotrophic relations between nerve cells and terminal structures should be especially helpful. It has been stressed that ontogenetic and regenerative nerve growth have most of their basic mechanisms in common and that experimental evidence obtained in one field can often be directly applied to the other (Weiss, 1950). Neuroembryology, though taking its starting point from classical embryology in its inquiry into the causal factors of embryonic development is lately increasingly contacting neurophysiology (cf. Hamburger, 1954), and is in fact asking most impertinent questions. However, it has to be seen whether and how far these experiences can be applied to the physiology of neuromuscular relations as exemplified in the processes of degeneration and regeneration. An attempt will be made to apply some of these experiences of neuroembryology to the study of the physiology of neurotrophic relations in the regeneration process. No complete discussion of these complex problems can, of course, be expected. Rderences p . 106-112
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 Morphogenesis or better neurogenesis can be said to comprise at least these phenomena: (I) cellular differentiation, (2) tissue organization, (3) growth, and (4) establishment of tissue relations. These phenomena are, of course, interrelated, though neurogenesis follows a rather regular sequence of steps from the proliferating activity near the lumen of the central canal to extensive cell and axon growth and establishment of synaptic connections (Hamburger, 1956). Differentiation used in the narrow sense of the establishment of cytological specialization of neurones reveals itself in marked qualitative diversity of the neural elements (cf. Weiss, 1950). Specific enzymatic patterns are established (cf. Flexner, 1950). The differentiation implies a change in the kind of protein produced and it seems that the heterogeneity of RNA will be an important factor in the establishment of ‘discriminating precision exerted by neuronal proteins’ (cf. Gale, 1959). This specialization, initiated apparently by the succession of synthetic activity from RNA to proteins, increases with decrease of mitotic activity (Lervtrup, 1959). However, this differentiation in embryonic cells is controlled to a large extent by the presence of other cell types, i.e. by cellular interactions and knowledge of the mechanisms active in these interactions will, of course, be very important for the understanding of the nature of neurotrophic relations. By interaction of one cell type with others the protein-forming system of the differentiating cell becomes modified (Herrmann, 1959) and we may recall in this connection that different cell strains cultivated in vitro have virtually identical nutritional requirements as those in vivo and that only in vivo the difference in metabolic requirements can be established (see Eagle, 1958). Cells are not isolated and cellular interactions are essential already during embryonic differentiation, establishment of the genetic characteristics of the neurone and also for tissue formation. Since Spemann (1938) it was thought that the localization and initiation of specific cellular differentiations are due to contact interactions with adjacent material, to ‘embryonic inductions’. Only lately a hopeful attack on the chemical nature of the agents responsible for induction has been undertaken. There is now evidence for induction occurring ‘at a distance’ by ‘diffusible agents’, the material responsible for induction being released from inducing cells and bringing about the characteristic changes in the reacting cell system (Twitty, 1953; Twitty and Niu, 1954; Niu, 1956). Differentiation of pigment induced by phenylalanine in cells normally not synthetizing pigment may serve as an example for such chemically defined intercellular relations (Wilde, 1956). A further step was the discovery of a diffusible growth promoting agent, found in mouse sarcoma, snake venom and finally also in sympathetic nerve cells themselves. This nerve-growth stimulating agent induced a vigorous hyperplasia of sympathetic ganglia (Bueker, 1948; LeviMontalcini and Hamburger, 1951; cf. Levi-Montalcini and Angeletti, 1960). The hyperplastic responses in the ganglia could also be induced in vitro after transplantation of tumour pieces onto allantoic membrane of 4-day-old embryos and the effects of these extra-embryonic tumours on the host were identical with those of intraembryonic tumours. They do not only increase the number of cells and cause cellular hypertrophy but also accelerate the rate of differentiation and fibre growth, i.e. also control cell growth and rate of differentiation (Hamburger, 1956). These tissue culture
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 experiments showed that neuroblasts can be affected directly by the tumour agent without the mediation of axons. Such a ‘long distance diffusion effect’ could also be shown for thyroxin on the growth of the mesencephalic V. nucleus in amphibians (Kollros and McMurray, 1955). The isolation of the nerve-growth stimulating factor is proceeding (Cohen and Levi-Montalcini, 1956; see Levi-Montalcini and Angeletti, 1960), and all these findings should in the end help in the chemical definition of processes of induction and of intercellular relations generally. It is, of course, too early to decide whether in the transmission of inducing mechanisms metabolic precursors, inducing substrates for adaptive enzymes, or gene-like units inducing synthesis of proteins are responsible (see Edds, 1959), or whether transmission of sterically distinct molecular patterns from one cell surface to another is an important mechanism (Weiss, 1955; Tyler, 1955). Even the frequency of transmission of metabolic units could be effective (see Edds, 1959). Similar mechanisms may, of course, operate during the regeneration process. The problem is extremely complicated, but it can be concluded that intercellular control systems are apparently transmitted by different specific substances conveyed axonally and extra-axonally and that these substances will be isolated and identified. There is now hope that these basic findings of the study of intercellular relations will sooner or later be applied to the study of nerve-muscle cell relations in adult life. So far we have considered especially the mechanisms of induction or ‘neuralizing agents’ which involve a chemical interaction between the inductor and the reacting system. In these intrinsic correlations in neurogenesis we are essentially concerned only with differentiation in the nervous tissue itself, the possibility of neural differentiation being present in all ectodermal tissue. Originally it was thought that there might be a non-specific chemical stimulus applied to the cell surface for all neuralization (Holtfreter, 1948). However, there is not only a specific pattern of neuronal metabolism and regionally specific organization imparted on non-specific neural tissue but there are, as shown before, also distinct chemical systems, acting ‘at a distance’ by diffusible mechanisms. The problem of intercellular relations in neurogenesis is of course not exhausted by the study of induction concerning nervous tissue itself. In neurogenesis the interactions of nervous and non-nervous tissues are the main field of neurotrophic relations, applicable to regeneration studies. It is in these intercellular correlations that the dependence of the nervous system on peripheral structures and that of peripheral structures on the nervous system are materialized and demonstrated. Neurones establish contact with other neurones or non-nervous structures and in this way double bonds or a double dependence (Young, 1946) are established which are realized by transmission of nerve impulse and non-impulse (‘trophic’) activity. Both types of connections are important for the maintenance of the neurone, and both operate with a different time sequence already during the embryonic period. The neurone and the peripheral tissues are dependent on their connections. A disturbance of these connections implies disturbance of neurotrophic relations and is followed by changes, (a) in neurones deprived of synapses terminating on their cell bodies (transneuronal effects), (b) in neurones deprived of their terminal connecReferences p . 106-112
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 tions with non-nervous tissues, so called ‘retrograde degeneration’, (c) in non-nervous tissues deprived of their innervation (denervation effects), and (d) in neurones and non-nervous tissues produced by alteration in reactivity to hormones (hormonal effects on ‘decentralized’ neurones and denervated tissues). Some main aspects of these four changes of neurotrophic relations will be discussed first in morphogenesis and then in the regeneration process. 11. C H A N G E S O F N E U R O T R O P H I C R E L A T I O N S D U R I N G M O R P H O G E N E S I S
 
 Transneuronal effects
 
 Transneuronal effects have been shown in many systems and only few examples will be quoted. They concern the changes in sensory columns of the spinal cord after changes at the periphery (Hamburger, 1934; Barron, 1945), in the optic (Harrison, 1929; Larsell, 193I ) and the acoustic vestibular systems (Levi-Montalcini, 1949). The ‘rebound on secondary units’ (Weiss, 1955) is very marked, much more so than in the adult and it seems to be established that formation of synaptic connections on the surface of the neuroblast or on its dendrites is a necessary condition for the completion of its growth and differentiation and for the maintenance of its structural integrity (cf. Hamburger, 1954). Changes in neurones
 
 Changes in the peripheral field of innervation of a nerve have very marked effects on development of the primary nerve centres (see Hamburger, 1954). This ‘peripheral rebound on primary neurones’ (Weiss, 1955) was first studied in detail in the excessive development of spinal ganglia in trunk segments when the peripheral field had been increased by a grafted limb (Detwiler, 1920). Many experiments on extension of the peripheral field produced by implantation of supernumerary limbs have been performed (see Weiss, 1955), the result being hyperplasia due to increased proliferation and subsequent neural differentiation of the supernumerary cells. Connections with nerve fibres need nct bc necessary for these effects of the peripheral field whichevidently controls differentiation, proliferation and maintenance of the nerve centres. It must be assumed that ‘neurotrophic’ agents, required for nerve growth and differentiation, are provided by the peripheral tissues. However, the mechanisms remain unclear. Some clues are provided by the effect of the neurotrophic agent of sarcoma, which selectively stimulates growth and differentiation of sympathetic and sensory neurones (Bueker, 1948; Levi-Montalcini and Hamburger, 1951). Extra-axonal mechanisms are apparently operating to a great extent. Normally a certain regularity and constancy of relative growth rates (cf. D’Arcy Thompson, 1942), constituting differential rates of tissues, are maintained probably by genetically fixed patterns, but these can be deranged by factors leading to an unbalance of neurotrophic relations and uncovering remarkable growth potentialities of nerve cells. The effect of a decrease of the peripheral field on development of nerve centres is
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 even more dramatic. Massive cell degeneration of neuroblasts takes place after limb extirpation (Hamburger and Levi-MontaIcini, 1949). It is interesting that reactions were also discovered in cells which have no direct fibre connections with the periphery, indicating that some peripheral influences will act indirectly (see Hamburger, 1954). In other cases, however, a marked effect was shown on differentiation of neurones in the ventral horn mediated axonally and it was concluded that the trophic stimulus from the limb travels to the cord along afferent fibres (Hughes and Tschumk, 1957). The susceptibility of neurones differs but on the whole it can be said, that the metabolic equilibrium of neurotrophic relations during development is a very labile one. It is probable that the constant centrifugal flow of axoplasm along the axon (Weiss and Hiscoe, 1948; and others) has a steep gradient related to tremendous proteosynthesis during early growth and any change of it apparently leads to severe disbalance. Increased susceptibility to humoral factors (‘diffusible agents’) may also be an important mechanism. Many of these effects will concern neurones which have not yet established functional connections with accordingly less differentiated end organs and it is possible that this factor will also change the ‘rebound’ on primary neurones and explain the quicker and greater suszeptibility of nerve cells to changes of the peripheral field during development. Denervation changes
 
 In the early stages of development muscle cells differentiate independently of nerves and it seems that in the differentiation of embryonic extrafusal muscle fibres the presence of a nerve supply is not necessary (see Boyd, 1960). The differentiation of myoblasts, development of the myotube stage and myofibrils may occur without the influence of nerve fibres. However, dependence on nerves is very marked in differentiation of the receptor organs (Zelena, 1959). Denervation does not stop early differentiation of the myoblasts but later, of course, leads to denervation atrophy and degeneration and these effects are the more severe, the earlier nerve interruption has been performed (see Zelenh, 1962). Differentiation of the end-plate structure is dependent on innervation and differentiation of the subneural apparatus and accumulation of nuclei does not occur until after innervation (Couteaux, 1947) and acetylcholinesterase (AChE) appears at the time of contact with the muscle fibres (Zelena and Szenthgothai, 1957). The entire length of the foetal muscle is uniformly sensitive to acetylcholine and only after birth retraction of the AChE-sensitive area takes place (Cinetzinski and Shamarina, 1942; Diamond and Miledi, 1959). The development of the neuromuscular synapse is apparently responsible for the slow retraction of the sensitive area and also for the increasing rate of spontaneous subthreshold depolarizations corresponding progressively to the adult miniature end-plate potentials. Interruption of neurotrophic relations may affect also morphogenetic processes, differentiation of muscle cells in adult life. Arrest of muscle cells at the myoblastic stage following denervation in regenerating muscle of adult animals has been described (Studitskii and Striganova, 1951) and there is evidence that this trophic effect References p . 106-112
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 of nerve on muscle regeneration occurs independently of transmitted nerve impulse activity (Studitskii, 1959). Differentiation of muscle cells in adult animals is considerably retarded in regenerating autotransplanted muscle if the latter is deprived of innervation (see Studitskii, 1959 ; Zhenevskaya, 1963) and only the motor component of innervation was shown to be responsible (Zhenevskaya, 1963). However, there are also some negative findings on the effect of innervation on muscle regeneration (Saunders and Sissons, 1953). Interesting findings on the effect of innervation on morphogenetic processes in peripheral tissues concern the regeneration of salamander limbs, which do not regenerate in the absence of nerve supply (see Singer, 1956). Analysis of this phenomenon has provided important data on the dependence of growth on nerves in morphogenesis. Apparently we have to deal with a ‘trophic’ action, not dependent on nerve impulse transmission, since sensory nerve supply disconnected from the central nervous system can by itself evoke growth (Singer, 1943) and it appears that acetylcholine is not the transmitter responsible for this growth action (see Singer, 1956). The quantity of nerve fibres was the most important factor and could induce regenerative growth also in frogs (Singer, 1954). Thus nerves do not seem to be necessary for early cell differentiation, but are needed for the regeneration of differentiated tissues and their absence during morphogenesis leads to severe and fast proceeding atrophy and degeneration at later stages of development. Moreover, there is evidence that many of these morphogenetic actions are transmitted by non-impulse mechanisms of the nerves.
 
 Hormonal effects In adult life many metabolic changes in neurones and peripheral tissues are described which are produced by alteration of reactivity to mediators and hormonal agents. These changes were summed up by Cannon (1939b) in the Law of Denervation and concern especially the ‘supersensitivity of denervated structures’ (Cannon and Rosenblueth, 1949) to acetylcholine. The change of sensitivity to acetylcholine during development depending on innervation suggests an interaction between neural and humoral factors. Little is known about these interactions concerning other humoral and hormonal effects during morphogenesis. However, the importance of hormonal effects is shown very clearly during development in the mechanisms of hormonal control of insect metamorphosis. Neurotrophic relations are regulated at least partly by hormonal effects in these morphogenetic mechanisms. The neurosecretory cells of the brain stimulate the prothoracic gland which produces ecdyson which in turn is released into the haemolymph and induces the development of the imago (Karlson, 1963). Secretion of nearosecretory cells activates another hormone, the juvenile hormone of the corpora alata. It is released into the haemolymphe and is indispensable for larval development. Both ‘long distant mechanisms’ controlling metamorphoses represent hormonal neurotrophic relations partly transmitted by axons. It is interesting to quote here the effect of the moulting hormone, activated by neurosecretory cells of the brain, which provokes rapid synthesis of nucleic acids and proteins in the course of a few hours
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 and which may induce development of cross-striated muscle fibres in the ventral abdominal muscle (Wigglesworth, 1957). It remains to be seen whether this neurosecretory activity is not perhaps a universal mechanism by means of which a ‘trophic activity’ of the neuron is effected. The axonal transport mechanism realized and connected with neurosecretion brings to mind the growth phenomena observed in the peripheral nerve and, of course, the general problem of neurosecretory activity of neurones. The secretory activity of these cells and the conveyance of its effects through ‘long distance humoral chains’ was demonstrated in the hypothalamic nuclei (Scharrer and Scharrer, 1954). The neurosecretory material, produced in these cells, is transported along the axons to the posterior lobe of the pituitary and from there released into the blood and acting at distant target organs. It is possible that also in motoneurones comparable neurosecretory mechanisms are operating (Ortmann, 1960). Although the capacity of these neurones both to conduct impulses and to carry on neurosecretion is still poorly understood (Ortmann, 1960), the existence of neurosecretory activities consisting in the elaboration of a distinct chemical substance acting as a mediator between the nervous and endocrine systems has been proved unequivocally. Nervcus impulses are transformed into hormonal activity and a concept that these cells unite two main integrating systems - nervous and endocrine - has thus been elaborated (Scharrer and Scharrer, 1954). A primary neurosecretory activity of nerve cells can be imagined and later development leads apparently to differentiation of neural and hormonal mechanisms. Anyhow, the findings indicate that in neurotrophic relations hormonal long-distance effects, partly transmitted by axons can not be excluded. We may conclude, that the double dependence between the neurone and peripheral tissues during development is a very marked one, the dramatic degenerative changes in neuroblasts following the loss of the peripheral field being of special importance. In many of these interactions neurotrophic, non-impulse mechanisms are participating; however, the differentiation of nervous and humoral mechanisms remains a difficult task of these studies. 111. C H A N G E S O F N E U R O T R O P H I C R E L A T I O N S D U R I N G THE REGENERATION PROCESS
 
 The neurotrophic relations between nerve and muscle cells established during development persist throughout life but undergo changes during postnatal ontogeny. The interdependence of neurone and periphery, safeguarded by the trophic functions of the neurone shown in neurogenesis is also convincingly demonstrated during the regeneration process. However, this relation is in some aspects different from that operating during neurogenesis. This is to be expected as in postnatal regeneration following nerve section, we have to deal not with a primary establishment of intercellular relations but with an adaptive homeostatic reaction of the organism to tissue damage, a process of recovery by which tissues are again included and integrated into normal reflex actions of the organism. The process of outgrowth of axons and their myelinization is of course only a part, though the basic one, of this process. Concomitant changes occur in all parts of the neuromuscular unit during the regeneration References p . 106-112
 
 86
 
 E. G U T M A N N
 
 process and therefore the definition of four main changes in neurotrophic relations which will be used in elucidating the process of morphogenesis is a schematic one. However, it has the advantage of enabling an analytic approach to the study of the regeneration process. Transneural effects The problem of changes in neurons deprived of synapses terminating on their cell bodies (i.e., of transneural relations) is essentially a problem of regeneration of central nerve fibres and is out of the scope of the present paper. Very little information seems to be available on transneural effects during the regeneration process of peripheral nerves in adult life. A suggestion of their existence, however, is given by the observation that after section of the truncus sympathicus no myelinization of the n. caroticus int. (the postganglionic fibre) is found (Szentagothai and Rajkovits, 1955). Otherwise transneural effects are much more pronounced in early development. Changes in the neurone The neurone has remarkable potentialities of repeated regeneration (Duncan and Jarvis, 1943; Gutmann, 1948) and discussion of the changes in the neuromuscular unit taking place during repeated regeneration affords a good model convincingly showing the necessity of studying the regeneration process in all parts of the units concerned. The rate of regeneration as demonstrated by the onset of recovery does not seem to be significantly altered even after eight repeated nerve interruptions and subsequent
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 Fig. 8. Time necessary for complete recovery of the spreading reflex after its onset during 8 and 6 recoveries respectively after repeated crushing of the pcroneal nerve at increasing distances from m. peroneus longus. Broken lines mean that no full recovery was achieved and indicate time at which the highest degree of spreading was obtained. (From Gutmann, 1948.)
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 regenerations but the degree of recovery, as demonstrated by the time necessary for adequate functional recovery, is decreasing significantly and no normal function is recovered after such repeated nerve interruptions (Gutmann, 1948). This is due to the fact that changes in neurone and terminal structures (partly irreversible) occur and that no normal neurotrophic relations can be established any longer under such conditions (Figs. 8,9). Analysis of these deficiencies helps to uncover the basic principles of neurotrophic relations and the limitations of the recovery processes during regeneration. This is a question of practical importance as knowledge of these limitations should help in the treatment of neuromuscular disorders. The deficiency in recovery of function may be due to changes in the neurone, the nerve fibres or in the terminal organs. An isolated approach will not be helpful. We have to do with a disturbance of nnurotrophic relations and on such a basis correct questions, if not answers, should be formulated. After a single crush complete recovery of function occurs relatively early (Gutmann, 1942) and normal muscle fibre size is recovered already after 12 weeks though normal maturation of nerve fibres is achieved much later (Gutmann and Sanders, 1943). After repeated crushing and reinnervation recovery becomes progressively deficient (Fig. 8). This cannot be due to deficiency of the growth process, the rate of functional regeneration being normal even after the eighth interruption of the nerve (Fig. 9).
 
 0
 
 20
 
 40
 
 60
 
 80
 
 DAYS AFTER OPERA TlON
 
 Fig. 9. Recovery times plotted against level of lesions in 69 animals in which the peroneal nerve was interrupted by crushing it at varying distances from m. peroneus longus. Regression line arithmetically calculated. Circles represent successive recoveries in two animals in which the peroneal nerve was crushed 6 times (solid circles) and 8 times (open circles). (From Gutmann, 1948.)
 
 An analysis of the different factors involved led to the conclusion that with a denervation period of 8 months, achieved by repeated crushing of the nerve, the deficiency in formation of new endings is the most important factor. There is an abnormal pattern of innervation. New end plates are formed (Gutmann and Young, 1944) which may be functionally deficient and a deficiency of neurone function not reflected by a change in rate of growth is suggested. With longer periods of denerReferences p . 106-112
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 vation atrophy, or after delayed suturing of the nerve the degree of muscle atrophy becomes apparently the decisive factor limiting the degree of functional recovery (Gutmann, 1948). The morphological changes occurring in a nerve cell following section of a nerve have originally been described as ‘primare Reizung’ (Nissl, 1892); later, in view of the dispersion of the ribonucleic acids which are the chemical correlates of the Nissl substance, as ‘retrograde degeneration’ (Marinesco, 1896; Bielschovsky, 1935). The first term is nearer to the truth as there is in fact an increasing proteosynthesis in the nerve cells. There is an increase in volume and in proteins, ‘chromatolysis’ apparently being due to a change in physical condition of RNA particles (Brattgard et al., 1958). There is an increase in incorporation of 3%-methionine already 3 days following nerve section (Fig. 6) (Gutmann et al., 1960). Changes in cell volume are connected with changes ofconcentration of cell constituents and earlier experiments, using staining reactions or ultraviolet microspectography, are, or have to be, reinterpreted (Nicholson, 1924; Gersh and Bodian, 1943; and others). There is thus a high protein production in regenerating neurones (see HydCn, 1943, 1960), which is not surprising if we consider regeneration as an adaptive process during which the neurone has to recover a very long cell projection requiring 1000% more of protein synthesis than the perykaryon does. From this point of view it is understandable that the ‘chromatolytic’ reaction is the more pronounced the nearer the lesion is to the nerve cell (Geist, 1933; Romanes, 1946). The cell reaction varies with the age of the animal. Nerve section in early stages of postnatal development results in severe degenerative changes (Romanes, 1946), i.e. in cell changes reminding of the reactions during neurogenesis. On the other hand in old age the increase of proteosynthesis after nerve section is missing or delayed (Fig. 10) (Gutmann t t al., 1962) and this is related to delayed %
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 Fig. 10. Percentual changes in number of granules in nerw cells of the spinal cord, as shown by histoautoradiography in 1-3-month-old rats, 3 days after cutting the sciatic nerve (D3, Sc.), 3 days after cutting the ventral roots only (D3, v.), 3 days after cutting the sciatic nerve in old animals (D3, 24-28 m), and 6 days after cutting the sciatic nerve in old animals (D6, 24-28 m.). (From Gutmann et al., 1962.)
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 outgrowth of the axons (Drahota and Gutmann, 1961). A decline of the trophic function of the nerve cell in old age has therefore been assumed (Drahota and Gutmann, 1961, 1962). In young animals increased requirements of proteosynthesis due to increased functional activity and growth may be too consuming during the regeneration process and under these conditions a poor maturation of nerve fibres indicating deficiencies of proteosynthesis in the nerve cell could be observed (Fig. 11) (Gutmann and Jakoubek, 1963). %
 
 "1
 
 f/m€S/Z€ Fig. I 1. Diameter of nerve fibres in 30-day-old rats which were submitted to intensive motor activity 35 days after crushing the sciatic nerve, expressed as percentage of the average freqiiency of diameters of the corresponding size groups (2 / c steps) in the controls. From Gutmann and Jakoubek, 1963.)
 
 The increased proteosynthesis in nerve cells during the normal regeneration process is of course related to the continuous axon growth, implying peripheral transportation of new material in the axon. The observed nucleoprotein gradient from the nucleus outward in the cytoplasm supports the view, that axoplasmic proteins are manufactured in the nerve cell soma and transported peripherally (Hydtn, 1943). Further evidence of this process is provided by many findings (Hydtn, 1943; Young, 1946; Gutmann and Sanders, 1943; Weiss and Hiscoe, 1948; Lubinska, 1952,1956a, b; Ochs and Burger, 1958; VodiEka, 1958; and many others). If connection with the end organ is not reestablished secondary atrophy of the nerve cells will take place. Incorporation of 35s-methionine into the nerve cells is decreased 90 days following nerve section (Gutmann et al., 1960) and during later stages destruction of nerve cells will occur. However, the restitutional capacity of the neurones is remarkable (Duncan and Jarvis, 1943; Bowden and Gutmann, 1944; Gutmann, 1948), the stimulus for the renewed proteosynthesis being the loss of References p. 106-112
 
 90
 
 E. G U T M A N N
 
 proteins. After nerve section decline of fibre diameter and of conduction velocity takes place (Fig. 12), and this can be avoided to a certain extent if regeneration is induced by crushing the central stump of the sectioned nerve (Gutmann and Holubai, 1948, 1951) (Fig. 13). This reaction may be considered as part of the basic adaptive mechanism of the regeneration process (see Cutmann, 1958). This concept stresses CONDUCTION VELOCITY IN CENTRAL STUMP OF CUT NERVE
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 Fig. 12. Changes of conduction velocity in the central stump of the sectioned nerve expressed in per cent of the values of the control nerve (circles: changes in different animals). (From Gutmann and HolubBf, 1948.)
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 Fig. 13. Histogram showing the fibre size spectrum of the nerve fibres in the central stump of the peroneal nerve 12 months after nerve section (clear), and in the central stump of peroneal nerve which had been cut 12 months previously and which had also been crushed above the point of section (shaded). (From Gutmann and Holubif, 1951.)
 
 the evolutionary basis of the regeneration process, expressed by Darwin, and underlines development of regeneration capacity as a reaction to repeated tissue destruction (see Studitskii and Striganova, 1951). Many reactions of the nerve cell during the regeneration process are evidently not due to nerve impulse activity. A comparative study of electrophysiological and metabolic changes in neurones following nerve section draws attention to a dissociation of synaptic and trophic function. After section of the postganglionic sympathetic nerve fibres almost complete failure of synaptic transmission through the ganglion
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 takes place (Brown and Pascoe, 1954) and the monosynaptic reflex cannot be elicited for several weeks after section of motor axons (Downman et d., 1953). During this time there is considerably increased proteosynthesis. Whatever the explanation of these remarkable functional changes is, a dissociation between synaptic (essentially membrane) and trophic (essentially intracellular) cell activities can be observed. An increase of proteosynthesis occurs both after combined section of ventral and dorsal root and after section of ventral root only (Fig. 10). Impulse activity through afferent fibres is therefore not necessary for the reaction of increased proteosynthesis. In these neurotrophic relations we have apparently to deal with nervous regulations not following the classical pattern of reflex actions. The signal ('the trophic impulse') is probably an intracellu'ar one and may proceed antidromically. For instance, the spinal ganglion cell has no synaptically activated dendrites associated with the cell body (see Bodian, 1962). All these facts will make it necessary to reformulate or extend the classical reflex theory from the point of view of the trophic functions of the nerve cell. The factors involved in nerve maturat:on provide important data on the effect of terminal connections on nerve cell and fibre metabolism. Fibres disconnected from the muscle remain smaller in diameter (Weiss et al., 1945; Sanders and Young, 1946; Aitken et al., 1947). It can be assumed that no signals transm'tted through afferent nerve fibres are involved. Maturation of the axon reflects the balance between the rate of proteosynthesis in the neurone (partly genetically determined) and the effect on proteosynthesis initiated and signalized by establishment of neuromuscular connection (see Guth, 1956). We do not know what signals are involved in the control of maturation, i.e. proteosynthesis of the neurone. Some diffusible agents from terminal organs may also be active since regenerating fibres connected with a denervated muscle show a more complete maturation process than those connected to a normal muscle (Aitken, 1949). The maturation process is a very prolonged one, taking 300 days after crushing (Gutmann and Sanders, 1943), but after nerve section no recovery of normal diameter or conduction velocity is achieved. Evaluation of the factors responsible for these deficiencies will be helpful in the analysis of neurotrophic relations. Fibre size is affected by decreased (for instance in tenotomy) and increased (for instance in nerve fibres to muscles, whose synergists are denervated) activity (Gutmann and Vrbova, 1952; Edds, 1949, 1950a, b). However, neuromuscular inactivity cannot be the only factor inducing changes of proteosynthesis in the neurone since increase as well as decrease of maturation can occur in unconnected nerve fibres. lmportant intercellular relations between neurone and Schwann cell are uncovered in the regeneration process. The increased mitotic activity of the Schwann cells after nerve interruption is a very marked phenomenon which has its maximum 15-20 days after section (Talanlow, 1940; Abercrombie and Johnson, 1942, 1946). After completion of reinnervation this proliferation of the Schwann cells is again inhibited (Abercrombie et al., 1949). There is also an increased incorporation of 14C-leucin (Takahashi et al., 1961) and of 3%-methionine (Gutmann and Hajek, 1963) into the degenerated nerve. Proteosynthesis increases by 600 % and decreases with reinnervation (see Fig. 7) (Gutmann and Hhjek, 1963), suggesting that inhibitory mechanisms are References p . 106-112
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 mediated by the regenerating neurone and/or its cell process, the axon. The Schwann cell reacts with increased activity to tissue damage just as the neurone itself, but it is included in the process of myelinization during the regeneration process under the control of the axon. These complicated intercellular relations are now becoming clearer. Electron microscopical findings show a very close structural relation between the axon, the myelin sheath and Schwann cells and demonstrate that the myelin sheath is formed by a process of infolding of the Schwann cell surface, initiated at the time when the Schwann cell envelopes the outgrowing axon (see Geren, 1956). Thus previous data on the radial repeating concentric units of the myelin sheath, assumed on the basis of X-ray diffraction (Schmidt et al., 1935), were explained. The infolding of the Schwann cell with the increase of the number of layers during development (Geren and Raskin, 1953) suggests a continuous synthesis of myelin by the Schwann cell, evidently under control of the axon. It remains to be shown how this control is mediated by the nerve cell itself. Schwann cell and myelin sheath are apparently a physiological unit (Kornmuller, 1947), a physiologische Reaktionseinheit, and this is reflected by the close correlation of length of segment (Schwann cell distance), conduction velocity and latent period of excitation in nerve fibres (Kornmiiller, 1947) and correspondingly of myelin thickness. Increase of proteosynthesis in the Schwann cells is related to increase of proteosynthesis in nerve cells and reflects an 'adaptive recovery reaction' after nerve section. This will not surprise in view of the neural origin of the Schwann cells (Kohn, 1905). As in the neurone, decrease of this activity will occur if no neuromuscular connections are established (Abercrombie and Johnson, 1946). It has been suggested that three sites of proteosynthesis in the neurone may be distinguished, i.e. in the Schwann cell, in the axon and in the neurone itself, the latter being related to the flow of axoplasm from the cell body along the axon (Waelsch and Lajtha, 1961). The data on nerve metabohm suggest that Iocal synthesis of proteins in the Schwann cells under the control of the neurone or its cell process, the axon, may be a very important factor enabling neurotrophic relations. When comparing the reactions of the neurones during morphogenesis and regeneration it can be said that the very labile and often dramatic degenerative changes in neuroblasts or immature neurones cannot be found in adult regeneration processes. Neurotrophic relations in neurogenesis and regeneration differ also in respect to nerve fibre growth. There is a marked ability to select conforming pathways after transection of mixed nerves to a young differentiating limb (cf. Taylor, 1943) and peripheral connections seem to be established only between fibres and end organs that match (cf. Weiss, 1950), whereas a lack of selectivity is observed during later regenerative outgrowth. No neurotactic influences can be assumed and the principle of contact guidance (cf. Weiss, 1950, 1955) is sufficient to explain growth directions. No evidence of specificity of pathways has been found in regeneration. Sensory nerve fibres will regenerate equally rapidly into former motor pathways as into sensory ones (Gutmann, 1945; Weiss and Edds, 1945). The marked selectivity found in first development may be due to genetically fixed mechanisms operating in the process of induction.
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 Denervation efects
 
 Denervation entails dramatic changes in the peripheral tissues which may lead to the complete replacement of the muscle by fatty or connective tissue. Before this occurs, regeneration will resume metabolic connections and often completely restore normal structure and metabolism of the peripheral tissues. Evidence for these long-term regulatory functions of the neurone responsible for these changes is provided especially by comparison of disuse and denervation atrophy. If the disturbance due to denervation has specific characteristics, not reproducible by disuse alone, we must assume a specific ‘trophic’ influence of the nervous system, lack of this influence leading to specific denervation muscle atrophy. Disuse should imply a complete absence of nerve impulses and junctional transmission. In this sense experiments on denervation atrophy and its differentiation from disuse atrophy are of great theoretical interest. If all consequences of denervation could be reproduced by mere lack of nerve impulses and junctional transmission then it would be unnecessary to postulate an independent ‘trophic mechanism of the nervous system’ (see Gutmann, 1962b). Three changes after denervation have been considered specific and not reproducible by disuse alone: (a)the increased sensitivity to ACh (Ginetzinsky and Shamarina, 1942; Axelsson and Thesleff, 1959; Miledi, 1960b); (b) fibrillation (Langley, 1916; DennyBrown and Pennybacker, 1938 ;Tower, 1939);(c)electricalexcitabilitychangesdescribed repeatedly since Erb (1868). Changes in properties of the muscle fibre membrane are apparently of great importance and may be directly responsible (e.g., Nicholls, 1956; Harris and Nicholls, 1956; Drahota et al., 1957; Drahota and Hudlickh, 1960). The question arises whether these changes represent the primary link in denervation atrophy and many attempts have been made to correlate the changes in membrane characteristics with those of sensitivity to ACh. For instance, amplitude of motor endplate potentials is proportional to the input resistance of the muscle fibre (Katz and Thesleff, 1957) and with respect to the increase of membrane resistance of denervated muscle fibres, it was suggested that mean size of ACh quanta responsible for the motor endplate potentials is smaller at the denervated endplates (see Miledi, 1960b). These correlations are important as they may give a clue to the primary regulatory influence of the nerve fibres transmitting ‘trophic’ functions. The possibility that the continuous liberation of microquanta of ACh (Fatt and Katz, 1952) represents a primary mechanism in these functions seemed a tempting hypothesis. In this connection an explanation of the mechanism by which the spread of ACh-sensitivity in denervated muscle takes place and of the nervous factor controlling spread of ACh receptors in muscle fibres should be of great importance. Thesleff (1960), on the basis of experiments with Botulinum toxin which suppresses the normal acetylcholine action and leads to spread of sensitivity to ACh, assumed that the regulatory influence restricting the ACh sensitive area to the endplate region is ACh itself. However, retraction of the ACh sensitive area of a denervated muscle occurs before recovery of neuromuscular transmission (Miledi, 1960a). It is therefore improbable that the spontaneous liberation of ACh from motor nerve terminals References p. 106-112
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 is the responsible regulatory factor restricting the ACh-sensitive zone to the endplate region. Moreover, ACh continuously applied to denervated isolated muscles does not abolish their supersensitivity (Miledi, 1960b) and we may have to deal with autogenous sensitization in ‘isolated’ structures deprived of nervous influences. Neither increased sensitivity to ACh (John and Thesleff, 1961) nor fibrillation activity (Tower, 1937; Eccles, 1941) can be reproduced by disuse. Regulation by ACh cannot be the causative factor, as fibrillation activity is not arrested by curare (Rosenblueth and Luco, 1937). During regeneration restoration of endplate structures (Gutmann and Young, 1944), recovery of weight (Gutmann, 1942), changes of electrical time constants both of the strength-duration curve and of accomodation (Desmedt, 1950, 1959), all take place before recovery of neuromuscular transmission. Thus the regulatory influence of the nerve fibre - the ‘trophic’ influence not connected with transmission of nerve impulse activity - reveals itself gradually and relatively independently of nerveimpulse activity and this applies also to the ‘receptor controlling factor’ which is not the transmitter substance itself (Miledi, 1960a). Moreover, there are also ‘specific’ intracellular changes in a denervated muscle which probably are not connected with changes of the membrane characteristics. At this place we may quote only the considerable increase of deoxyribonucleic acid (DNA) content in denervated muscle (Fig. 14) which can be correlated with loss of neuromuscular transmission (Gutmann and Zak, 196la). This change cannot be reproduced by continuous novocaine application to the nerve using a drip infusion. A 3-days novocain block also does not reproduce the other changes observed at this time after denervation (Fig. 15). % 400 -
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 Fig. 14. Percentage of non-collagenous proteins (PN), and absolute (whole muscle) and relative rn. tibialis anterior of rats following denervation. Abscissa, days after denervation. (From Gutrnann and Zik, 1961.)
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 Fig. 15. Changes in non-collagenous protein nitrogen (white columns), relative content of DNA (y P/mg N; hatched columns) and glycogen content (black columns) in m. extensor digitorum longus
 
 of rabbits expressed in percentages of control side, 72 h after nerve section and novocain blockade. (From Gutmann and Zik, 1961,)
 
 It is possible to agree with Tower (1937) who stated that ‘both, activity impulse and some other as yet unrecognized trophic agent must operate between nerve and muscle beyond the motor endplate’ and that ‘inactivation of skeletal muscle reproduces part, but not the whole of the reaction to denervation in muscle’. Convincing evidence of ‘trophic’ non-impulse activities is produced by experiments i n which the nerve is cut high on one side and low on the other. Degeneration of endplates and decline of muscle glycogen synthesis (Gutmann et al., 1959, fibrillation activity (Luco and Eyzaguirre, 1955) and increase of proteolytic activity (Htijek el al., 1963) appear earlier when the nerve is sectioned nearer to the muscle (Fig. 16). These experiments convincingly show that these long-term ‘trophic’ influences do exist and affect muscle metabolism independently of transmission of nerve impulses. We can therefore assume an action of substances conveyed intracellularly by the nerve and the sooner exhausted after nerve section the smaller the degenerating nerve stump is. References p . 106-112
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 What is the nature of this long-term control mechanism suggested by denervation effects? Is the action of a transmitter, i.e. is the spontaneous emission of microquanta of ACh (Fatt and Katz, 1952) the decisive mechanism? PhOlEOLYTIC ACTIWTY AND END-PLATE DEGENERATION
 
 WITH SHORT NERVE STUMP
 
 moo% LONG STUMP
 
 6
 
 fZ
 
 24
 
 Fig. 16. Proteolytic activity in m. extensor digitorum longus after cutting the sciatic nerve near to the entry into the muscle as compared with proteolytic activity in the contralateral muscle after cutting the nerve high up in the thigh (100%; black columns). Hatched columns: per cent of degenerated endplates in m. tibialis anterior with short nerve stump. (From Hajek et al., 1963).
 
 It could be assumed that the regulating system concerned with the maintenance and recovery of structure and functional capacity will operate especially by controlling the breakdown and synthesis of proteins. Regeneration experiments provide interesting clues for the nature of the nervous control of degradation of muscle proteins. During denervation proteolytic activity in muscle increases progressively. During the process of reinnervation normal proteolytic activity is recovered (see Fig. 4). Increase of proteolytic activity in the denervated muscle starts with interruption of the metabolic connection between nerve and muscle cell and this is heralded by the first signs of degeneration of endplates. The longer the peripheral stump of the sectioned nerve, the later the break up of this connection and the rise of proteolytic activity. Chemical systems maintaining the structure and inhibiting degradation of proteins are, as shown before, exhausted earlier in a muscle with a short nerve stump. These data suggest the existence of an inhibitory system in the nerve and it remains to be seen what relations this system has to the inhibiting influence of the motor nerve controlling spread of receptors beyond the synaptic region (see Miledi, 1960a). The metabolism of a denervated muscle exhibits the characteristics of an uninhibited system, due to loss of regulations mediated by the nerve. This is suggested by the ‘uninhibited’ increase of DNA, increase of degradation of proteins, a breakdown of the control of chemical sensitivity to ACh and a tendency to spontaneous activity resulting in fibrillation activity. There is also increased blood flow, oxygen and glucose consumption, glucose being utilized by wrong metabolic pathways for lipid synthesis (Bass and Hudlickh, 1960). There is increased incorporation of 32P into phosphorus
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 esters, especially the phosphates of ATP and ADP, suggesting a disturbance of oxidative phosphorylation (Bass and Vitek, 1963). All this becomes regulated during development and regeneration. We may point out in this connection that the reactivity of denervated muscle has often been compared with that of muscle at early stages of ontogenetic development or with muscle reactivity at lower evolutionary levels. Dedifferentiation or return of the denervated muscle to an embryonic state has been assumed (Orbeli, 1945). Thus embryonic muscle tissue exhibits spontaneous activity which disappears when nerve fibres reach the muscle and spontaneous bursts of action potentials and hypersensitivity to ACh are exhibited by foetal muscle before innervation (Diamond and Miledi, 1959). Contraction times of muscles shorten during ontogenetic development (Koshtoyantz and Ryabinowskaya, 1935) and the slow, spontaneous, rhythmic contractions of the flight muscles of insects disappear gradually during development (Voskresenskaya, 1959). Studies of denervation effects prove the existence of ‘trophic’ non-impulse activity of the nerve cell regulating metabolism of peripheral tissues. It is improbable that the chemical system operating these functions, would act only by inhibitory mechanisms. However, the problem of the nature of the regulatory system cannot be solved by denervation studies alone.
 
 Hormonal efects A cursory remark should be made about the hormonal effects on the regeneration process. Mostly negative evidence is reported of the effect of hormones on the rate of regeneration (see Guth, 1956). However, there is a marked change in chemical sensitivity of denervated muscle and apparently of ‘decentralized’ neurones, which returns to normal during the regeneration process. Although the increased sensitivity of denervated structures has been demonstrated especially clearly in relation to ACh and adrenalin in organs which are under sympathetic control the reaction is of much wider significance (see Cannon and Rosenblueth, 1949). The increase in sensitivity to acetylcholine observed in cells in the denervated superior cervical ganglion (Cannon and Rosenblueth, 1936) may serve as an example of these changes in reactivity. There is marked alteration in reactivity of denervated muscle, both to transmitters (ACh) and humoral agents (see Gutmann, 1959), this being a general phenomenon formulated as the ‘Law of Denervation’ by Cannon and Rosenblueth (1949). Humoral and motoneurone influences on muscle metabolism are apparently coordinated in normal circumstances, disturbed during denervation and recovered on reinnervation. However, the basic trophic function is operated by the motoneurone. The hormonal effects are of secondary nature and are probably inhibited by the motoneurone. IV. THE N A T U R E OF THE TROPHIC FUNCTION OF THE NERVE CELL
 
 The study of neurotrophic relations will, of course, remain unsatisfactory until direct References p . 106-112
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 analysis of the chemical systems involved will be possible, A direct search for the chemical systems by means of which trophic functions operate is necessary and will also be decisive for the study of the specificity of neural metabolism and of the nervous mechanisms controlling metabolism of peripheral tissues. Denervation studies CLYCOGEN Ex
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 Fig. 17. Glycogen content (expressed in per cent of glycogen content of m. soleus in normal 150-day-old animals), of denervated (D30,30 days of denervation) and reinnervated m. extensor digitorum longus (R30,30 days after crushing the sciatic nerve) and of normal muscles of 840-day-old rats. (From Drahota and Gutrnann, 1963.)
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 Fig. 18. Proteolytic activity in m. extensor digitorum longus expressed in per cent of proteolytic activity in rn.soleus in rats, 16,20,30 days, 3 and 24 months old (From Hajek et al., 1963.)
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 suggest the existence of inhibitory systems, but is is improbable that regulations mediating trophic functions would act only by such mechanisms. Regeneration studies will again prove helpful. The reinnervated muscle shows a marked accentuation of synthetic processes, demonstrated by increase in glycogen synthesis above initial levels (Berhnek et al., 1954), increased uptake of potassium (Drahota et a/., 1957) and increase in RNA concentration (Drahota and Gutmann, 1961). This can also be observed in the muscle following its stimulation but overshoot reactions found in normal muscles are missing in the denervated muscle. An interesting example is offered by the changes taking place in protein and nucleic acid metabolism in the denervated muscle. After muscle stimulation RNA and protein content decrease and resynthesis of RNA but not of protein takes place in the recovery phase (Gutmann and Zhk, 1961b). This was interpreted as a lack of precursors of nucleic acid metabolism normally supplied by the nerve. Such findings are, of course, only unsatisfactory steps in the chemical definition of physiological regulations. At this juncture, combination of regeneration and induction studies is to be expected. During neurogenesis and regeneration neurones establish a marked specificity in metabolism which is apparently conveyed to the innervated muscles. Studies of comparative muscle physiology show a high degree of specificity of metabolism in different muscles according to their functional adaptation, especially in the metabolic differences between red and white muscles (see Needham, 1926; Yakovlev and Yakovleva, 1953; and others). These metabolic differences are linked to differences in contraction time and develop progressively under the influence of the nervous system. All muscles are slow at birth and differentiate into fast and slow types during the first weeks of postnatal life (Koshtoyants and Ryabinowskaya, 1935; Buller et al., 1960a). Moreover, a slow muscle can be transformed into a fast muscle if the nerve fibre from a phasic motoneurone has been made to innervate a slow muscle (Buller et a/., 1960b). The study of the corresponding metabolic differentiation of muscle: its loss and recovery during the regeneration process contributes to the elucidation of the nature of the neural mechanisms influencing the metabolism of muscle. Phasic, ‘quick’ muscles, e.g. m. extensor digitorum longus (adapted to anaerobic metabolism) contain more potassium (Drahota, 1960), more glycogen (Fig. 17) (Drahota and Gutmann, 1963), and have higher proteolytic activity (Fig. 18) (Hhjek et al., 1963) than ‘slow’, tonic muscles e.g. the soleus muscle. However, the latter muscle has a higher concentration of ribonucleic acids (RNA/N) and deoxyribonucleic acids (DNA/N) (Fig. 19) (Gutmann and KrejCi, 1963). These differences develop progressively during postnatal development (Fig. 20), are lost with denervation and recovered during reinnervation (Fig. 17), the neurone again resuming its modulating influence on muscle metabolism (Drahota and Gutmann, 1963). The differences disappear in old age (Figs. 17, 18), suggesting a decline of the trophic function of the nerve cell in old age. Similarly as in the experiments of Buller et al. (1960b) who showed that a slow muscle can be transformed into a fast muscle by cross-union, the soleus muscle gained the metabolic pattern of the extensor digitorum longus muscle when innervated from the motoneurone pool originally innervating the latter (Fig. 21). References p . 106-112
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 The mechanism proper leading to this change in metabolic pattern has still to be elucidated. In the studies concerning transformation of muscle speed the differentiation process also proceeded in muscles reinnervated from an isolated spinal segment (Buller et al., 1960a, b) and it was concluded that specific nerve influences, independent of impulse activity were effected by the nerve cell and determined the speed of contraction (Buller et al., 1960a, b). So far we have not been able to reproduce conclusively corresponding metabolic differentiation in muscles reinnervated from a
 
 extensor
 
 Fig. 19. Concentrations of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) referred to nitrogen content ( y P-RNA/mg N and y P DNA/mg N) of m.soIeus of rats expressed as percentages of these concentrations in m. extensor digitorum longus. (From Gutmann and KrejEi, 1963.)
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 Fig. 20. Glycogen content of m. extensor digitorum longus expressed as percentage of glycogen contentofm.soleusofrats, 10,11,14,34and 150daysafter birth.(FromDrahotaand GutmaM, 1963.)
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 Fig. 21. Glycogen content: (a) of normal soleus muscle (SN)expressed in per cent of glycogen content of normal extensor muscle (EN); (b) of cross-reinnervatedsoleus muscle (SR) expressed in per cent of normal soleus muscle (SN); (c) of cross-reinnervated soleus muscle (SR) expressed in per cent of normal extensor muscle (EN). The diagram shows the experimental situation produced by the reinnervation from foreign nerve sources, i.e. by peroneal nerve supply (E) to soleus muscle (SR). (From Drahota and Gutmann, 1963.)
 
 ‘quiescent’ spinal cord. However, the specificity of the neuromuscular connections recovered in the regeneration process is very high indeed. A specific pattern of innervation reveals itself also in cross-reinnervation of a muscle by sensory nerve fibres. The nerve fibres form a plexus characteristic for the pattern of skin innervation (Fig. 22), do not connect with endplates and are, of course, not able to restore normal metabolic conditions (Gutmann, 1945). On the other hand, motor nerve fibres are able to restore the structure of muscle fibres which had undergone extreme atrophy, the muscle fibres often consisting of thin strands of sarcoplasm with long rows of nuclei (Figs. 23, 24) (Gutmann and Young, 1944; Gutmann, 1945). A high degree of recovery of muscle fibre size can also be observed in muscle fibres innervated from a foreign motor nerve source, e.g. in experiments in which crossing of the peroneal and tibia1 nerves was performed, although function was practically missing. In such cross-union experiments limitations of central adaptation capacity are very marked (Sperry, 1941). A high degree of specificity of the neurones concerned is revealed in these experiments and it is also shown that the neurones are able to maintain or recover a relatively good trophic state of the muscle fibres. Here we are not primarily concerned with the functional recovery after heterogenous Relerences p . 106-112
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 Fig. 22. Plexiform terminal endings of sensory nerve fibres innervating m. peroneus longus. (From Gutmann, 1945.)
 
 Fig. 23. Atrophic muscle fibres after 20 months of denervation and 6 months of reinnervation achieved by cross-union of the sural with the tibia1 nerve. (From Gutmann, 1945.)
 
 regeneration (i.e. reinnervation of end-organs by nerves not originally meant for their innervation), which is apparently only very little affected by primary motor or sensory
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 Fig. 24. Musc!e fibres reinnervated by a cross-union of n. fibularis with n. tibialis, 6 months after
 
 nerve suture performed after a period of 20 months of denervation. (From Gutmann, 1945.)
 
 nuclei and involves predominantly the action of higher levels of nervous integration (Sperry, 1945), but with neurotrophic mechanisms whose importance is very much underestimated if defined as ‘various growth regulating and other local physiological and biochemical phenomena’ (Sperry, 1945). It may be that we are dealing here also with another example of dissociation between synaptic and trophic function of the nerve cell. Experiments on heterogenous reinnervation raise the question of both the plastic properties of individual synapses and of patterns of synaptic activation (a problem we are not primarily concerned with here) and that of ‘trophic’ plasticity, i.e. changes concerning the maintenance and recovery of tissues by means of non-impulse activities. A ‘dissociation’ between functional and ‘trophic’ readaptation is, however, not surprising. Functional readaptation or plasticity would imply a change in synaptic connections on the neurone and concerns therefore especially the effect of cellulipetal signalization and the pattern of activation of motoneurones. There is a marked specificity of synaptic connections, e.g. plastic changes i n the organisation of monosynaptic reflexes ensuing after cross-uniting motoneurone~and muscle afferents are very small indeed (Eccles, 1963). There is thus little evidence for the process of ‘myotypic’ specification, a ‘modulating influence’ from muscle to nerve as postulated by Weiss (1924, 1955), at least in mammals. Functional readaptation seems to be affected at supraspinal levels. Plasticity of neurotrophic mechanisms is, however, very great. Regeneration demonstrates these mechanisms which are apparently mediated by a continuous growth process or proximo-distal transport of axonal material towards the muscle (cf. Weiss, 1955). The normal uninterrupted axon, however, also displays this growth process. References p . 106-112
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 Section of one cutaneous nerve results in ‘local extension’ of nerve fibres of the adjacent normal nerves into the denervated areas of the skin (Weddell et a/., 1941). This growth process is evidently an expression of changes in neurotrophic relationship between neighbouring neurones. Growth cones of the axons (see Fig. 25) are an expression of the continuous regeneration which reflects changes in proteosynthesis
 
 Fig. 25. Histological picture of skin 3 weeks after section of the sural nerve in the rabbit. The growth cone of the neighbouring axon points in the direction of the denervated area in the intermediary zone. The axon can be seen penetrating towards the Schwann cell sheath. (From Weddell et al., 1941.)
 
 of the neurone. This ‘long-term’ nervous mechanism seems to be analogous, but not identical with the process of reflex coordination taking place in ‘phasic’ reciprocal innervation. The process of ‘collateral regeneration’ was determined with greater detail in muscle by Van Harreveld (1945), Hoffman (1950) and Edds (1950a). In the search for the stimulus of this collateral branching, chemical agents, possibly released from degenerating nerves, were thought to be responsible. Such suggestions comply with the concept of neurobiotaxis which has, however, remained an unsatisfactory approach to the problem of neurotrophic relations, both in mechanisms of nerve-tonerve and nerve-to-end-organs connections. No evidence for specific ‘attraction’ forces postulated by Cajal (1929) has been put forward (see Weiss, 1950). Thus neurones retain their growth potency throughout life, but are adjusted in response to central and peripheral changes. Lack of adequate peripheral connections will reduce proteosynthesis in the neurone and change of neurotrophic balance between two neurones will induce increased proteosynthesis as can be demonstrated in collateral regeneration. Regenerating neurones, not able to reinnervate old endplates, due to long-lasting atrophy, will grow along the atrophic muscle fibres and form new endplates (Gutmann and Young, 1944). Changing demands on proteosynthesis will thus be reflected in changes in growth as a basic mechanism in neurotrophic relations between neurone and terminal organ. The physiological implications
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 of such a concept may be especially important in respect to mechanisms of learning (see Weiss, 1950). Thus we arrive at a concept which recognizes a relatively independent trophic control function of the perikaryon of the neurone related to continuous metabolic maintenance and recovery of the neurone itself and of the innervated structure. This maintenance and recovery process can be visualized in growth or proximo-distal transport which sustains metabolic connection between neurone and terminal organ. This function is best demonstrated i n neurosecretory mechanisms, in the transport of neurosecretory material which is stored in the glandular system. Definition of the chemical compounds transported and their action on peripheral organs has been succesful in some cases. Assumption that such mechanisms are basic for neurotrophic relations (and suggestion of neurosecretion is given also in motor nerve cells; cf. Ortmann, 1960) will, however, not substitute the chemical definition of the systems involved. We are still confronted with the question of the nature of the chemical systems signalizing and mediating the metabolic ‘long-term’ connections. Description of ‘traffic routes’ will not solve a problem of metabolic relationships. Similarly as in neurogenic induction the question of what chemical substances are transmitted and how they are acting will have to be answered. I n some neurosecretory mechanisms, especially concerning the antidiuretic hormone, such questions are being solved successfully and detailed chemical analysis of the substances and feedback (‘rebound’) effects is proceeding. In neuromuscular relations comparable studies are concerned only with the ACh-Achesterase mechanism which is involved in the synaptic functions and which, as we have seen, can not explain all basic neurotrophic relations. We may conclude, that there is conclusive evidence now for a trophic function of the nerve cell and for the importance of neurotrophic (non-impulse) relations exemplified in the regeneration process. The following main problems, however, have still to be solved: (a) a more exact definition of the trophic function of the nerve cell; (b) differentiation of synaptic and trophic functions of the neurone; (c) definition of the chemical systems effecting neurotrophic relations ; ( d ) analysis of the physiological regulation of neurotrophic relations. SUMMARY
 
 A survey is given of (a) general aspects of neurotrophic relations, (b) neurotrophic relations during morphogenesis and regeneration, and (c) the nature of the trophic function of the nerve cell. Neurotrophic relations in the neuromuscular system are discussed as intercellular homeostatic functions realized by long-term mechanisms not directly connected with nerve impulse activity, which maintain and recover structure and functional capacity of cells. The dependence of the neurone on changes in terminal organs and that of the terminal organs on changes in the neurone are demonstrated and compared in the processes of neurogenesis and regeneration. Different changes are demonstrated: (a) in neurones following loss of synapses terminating on their cell bodies (transneuronal effects); (b) in neurones after loss of their terminal connections with non-nervous tissue (‘retrograde degeneration’); (c) in References p. 106-112
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 DISCUSSION
 
 LUBINSKA: I would like to ask whether you think that the neurotrophic influence is actually effectuated by specific molecules.
 
 GUTMANN: This is a question which has to be answered by future research. Neurotrophic influences (i.e. long term metabolic influences not connected with nerveimpulse activity) could of course be mediated by subthreshold^liberation of mediators acting on the cell membranes but embryological studies suggest that even direct interactions may take place. Even large molecular material can be taken-up by embryonic cells, specific molecules may be released from inducing cells which effect reacting cell systems - and there are the data on incorporation of immunologically detectable proteins into embryonic cells. (For lit. see e.g. Herrmann, 1959). Studies on embryonic induction show actions of specific molecules and I think they suggest the possibility of corresponding mechanisms in intercellular relations also in adult life. SINGER:Do I understand you correctly that you assume that there are substances which come out of the nerve fiber and these have the trophic quality and impress themselves on peripheral tissues, and that these same substances are responsible for the maintenance of the fiber itself?
 
 GUTMANN: The nerve cell maintains structure and metabolism of its cell process i.e. the axon, and it influences also maintenance of innervated tissue. Both ‘trophic’
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 or 'maintenance' processes must be dependent on substances produced by the nerve cell but I suppose it is not yet possible to answer definitely the question whether we have to deal with exactly the same substances or chemical systems in both processes.
 
 GLEES : You see the same neurotrophic influences in the interdependence between retina and lateral geniculate body. When you cut the optic nerve the lateral geniculate body atrophies in a very short time from the 3rd day onwards. The cells are reduced in number and the nuclear-cytoplasm relationship shows rapid alterations. We might assume that there is only 1 type of synapse, the so-called retinal synapse of the retinal geniculate body. There is some evidence of other synapses too, but these are not sufficient to keep up the integrity of the postsynaptic neuron, So here too one might presume a more general influence besides impulse transmission. Do you like to comment about this? GUTMANN: May I say that I agree with your suggestion. Intercellular relations between nerve and muscle cell are realized not only by impulse transmission, and the same, I think, must apply also for interneuronal relationships. We need more data on these mechanisms and your data are very interesting from this point of view. In nerve-muscle relationships the study is easier, the innervation being mostly not a multiple one. SINGER: Would you say Dr. Glees, in those circumstances where the major part of the innervation of a central nucleus is from one source, there you do get transneuronal degeneration? It is known also for certain nuclei within the thalamus, whereas 1 suppose the posterior horn cell does not show this because its innervation is multiple.
 
 ECCLES:The manner in which the cross-union of nerves to soleus and extensor digitorum longus changes the glycogen and potassium contents of the muscles prompts me to ask if you have investigated the myoglobin contents. Some years ago we crossunited the nerves to red and pale muscles and were surprised to find that there had been a partial conversion of red to pale and of pale to red, and this led us to investigate the speeds of muscle contraction, and to find that these also had been changed in accord with the nerve innervation. But to my knowledge there has been no quantitative investigation of their myoglobin contents. My second comment concerns the finding that there is a loss of trophic influence of nerve on muscle in old animals. At least in one case this is not so. The cross-union of nerves to fast and slow muscles in adult cats results in a transformation of the fast muscle to a slowly contracting muscle, and vice versa for the slow to fast, that is at least as remarkable as that occurring in young animals. My third comment concerns the changes brought about by axonal section of motoneurons. Our original suggestion that there was a large depression of monosynaptic innervation is only partly true. The most striking change in excitability occurs in the soma-dendritic membrane which exhibits patches of evanescent increases
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 in excitability. As a consequence the depressed monosynaptic excitation results in local responses that sum with one another and so often result in the discharge of an impulse down the axon after a considerable delay. Thus, in addition to the remarkable changes in metabolism of nerve cells during the axon-reaction, there are also changes in the excitability of the surface membranes.
 
 -
 
 GUTMANN: Your observations on changes of the colour of the muscle in-crossunions of nerves are very interesting. As you say, changes in myoglobin concentration should be expected and their study would prove very fruitful. I do not know of a quantitative study of these changes. Concerning the second question I have to stress that the animals in our experiments were very old indeed with little further life expectation. I would not expect metabolic changes, suggesting a loss of the trophic influence of nerve on muscle in adult cats. HORSTFEHR: May the reduction of conduction velocity of the axon after cutting be related to changes of the pH value inside the axon? GUTMANN: This is a possibility. We may expect reduction in oxygen supply and concomittant a shift of pH values to lower levels. GLEES:Could 1 ask Dr. Eccles one question? We should of course not reject the possibility of impulse transmission. Could you say whether the impulse transmission is different in red muscle from white muscle? Could you stimulate electrically with the old impulse frequency in your crossed-union experiments? Would you then be able to turn a white into a red muscle and vice versa? Is the firing rate of these motoneurons different? ECCLES:The firing is different. We have done and tried to answer this question by preventing all firing, and then nothing happens. We have also tried to stimulate by controlled frequencies of firing. It is just a remote possibility that firing rate may do it, but I think highly improbable. I am much more in favor of Dr. Gutmann’s general story that this is a trophic influence and not firing rate. This would also line up with the changes found in glycogen and potassium and all other components. SINGER:I would like to ask Dr. Gutmann the following. You know how loosely the term ‘trophic’ has been used and still is used. Would you like to give us a short definition so that we don’t go astray in the rest of our conference on the meaning of ‘trophic’? GUTMANN : For neurotrophic relations I would suggest : ‘nervous non-impulse mechanisms maintaining (and recovering) metabolism and structure of tissues’. This is still a broad definition but it reflects the level of present research.
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 Proximo-Distal Movement of Phospholipid in the Axoplasm of the Intact and Regenerating Neurons N. MIA" Department of Anatomy, University of Padua, Padua (Italy)
 
 As is well known, Weiss and Hiscoe (1948) reported that the axoplasm of the peripheral nerve fibre is maintained in constant proximo-distal motion and that the source of the axonal constituents is in the nucleated cell space. Several observations have recently been pointed out to substanciate this concept. Three methods of investigation have been especially employed: ( I ) Radioactive tracer methods (Samuels et al., 1951; Waelsch, 1958; Koenig, 1958; Weiss, 1961; Lajtha, 1961; Ochs et al., 1962); (2) Analysis of neuroplasmic enzymes, i.e. cholinesterase (Sawyer, 1946; Lubiliska et al., 1961; Koenig and Koelle, 1961; Clouet and Waelsch, 1961; Lubiliska, 1963) and cholineacetylase (Hebb and Waites, 1956; Hebb and Silver, 1961); (3) Observations on isolated nerve cells in tissue culture (Levi and Godina, 1959; Weiss et al., 1962). Most of these investigations appeared t o support the hypothesis of Weiss and Hiscoe (1948), although some technical difficulties made the interpretations of the data obtained from them rather laborious. The radioactive tracer methods especially suffer from the basic handicap that a high amount of injected radioactive material becomes rapidly fixed in the nucleated structures of the nerve (Schwann cells, connective tissue cells and cells of the blood vessel walls, Droz and Leblond, 1962; Weiss, 1961) so that the somato-axonal stream of labelled material becomes poorly discernible. During the last three years I have carried out a variety of experiments (Miani, 1960, 1962a, 1963) whose main objects were: (1) To develop a procedure for labelling the nerve cell body electively with a phospholipid precursor in vivo; (2) To obtain evidence of proximo-distal movement along the axis cylinder of phospholipids synthesized in the perikaryon; (3) To determine the nature of phospholipids of the axon. Here is a brief account of them. Labelling the nerve-cell body with 32P-orthophosphate The cell bodies of the somata1 and visceral efferent components of the vagal and hypoglossal nerves of the rabbit were labelled by placing 1 pl of radioactive phosphate on the calamus scriptorius of the IVth ventricle under direct vision. The procedure was repeated every 15 min up to 2+ h and so a total amount of 200 f 20 ,uC of 32P was deposited. All through the experiment, the IVth ventricle was carefully kept free of cerebrospinal fluid by a continuous drainage of the cisterna magna with cotton. References p . 126
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 Under these experimental conditions the radioactivity concentrated for long in the structures surrounding the calamus, while negligible amounts of 32Pthat had left the brain were found in the blood as well as in the nucleated structures of the peripheral nerves (Miani, 1963). Evidence of proximo-distal movement along theaxis cylinder ofphospholipids synthesized in the perikaryon Shortly after labelling the bulb, 32P-phospholipids appeared in the vagal and hypoglossal nerves. Measurements of labelled phospholipids along each nerve were made by dividing it into several segments of 6 mm length and analysing separately the radioactivity in the lipid fraction prepared according to the procedure of Folch et al., 1957. The radioactivity was therefore expressed as counts/min/6 mm of vagal nerve and as counts/min/6 mm of hypoglossal nerve, respectively.
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 Fig. 1 . 32P-lipidcontent in successive segments of the cervical vagus at different time intervals after labelling the bulb with 32P-orthophosphate. Each point plotted on a semilogarithmic scale includes the right and left nerves and is the mean value of 10 tracer experiments.
 
 At 1 day after labelling the bulb, the cervical vagus showed a rather steep gradient of radioactivity, falling out exponentially in the proximo-distal direction (Fig. 1). The radioactivity in the distal segments quickly increased until labelled phospholipids became uniformly distributed all along the nerve (6th day). Their concentration then declined somewhat, although the fall was slightly higher at the lower than at the upper nerve segments. At 1 day after labelling the bulb, the hypoglossal nerve showed also
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 a steep proximo-distal gradient of radioactivity, but, unlike the vagal nerve, the increase in radioactivity with time neither reached the equilibrium nor came to a stop even after 18 days. The exponential form of the outflow suggests that several labelled phospholipids in downward transit exchange on the way unlabelled and stationary phospholipids of the system. In other words, the amount of labelled phospholipids in any arbitrary segment of the vagal and hypoglossal nerves would be made up of two portions at least: that which has locally exchanged phospholipids in the system, and that in downward transit. As a result of the present series it seems that the rate of exchange is much higher in the vagal than in the hypoglossal nerve, because the radioactive equilibrium is reached much earlier in the former (6 days) than in the latter (near to the 18th day). Since exchange activity is a variable before the radioactive equilibrium is reached in the system, the rate of motion of labelled phospholipids along the vagal
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 Fig. 2. 32P-lipidcontent in the upper, middle and low segments of the cervical vagus at different time intervals after labelling the bulb with 32P-orthophosphate.Data have been taken from Fig. 1 .
 
 nerve is to be estimated from 6 days after labelling the bulb as indicated in Fig. 2. Calculations made on the basis of the slope of the descending linear portion of all 3 curves indicated a relatively slow rate of transit of 2.91 mm/day. This figure, however, is of limited significance for two reasons at least: (I) Labelled phospholipids of the axon are not homogeneous (see below); (2) The motion of labelled phospholipids as calculated above is the resulting motion of more motions whose natme and number are at present unknown. A component motion of remarkable significance can be measured from the radioactivity-time curves of Fig. I, i.e. that of the fast-moving phospholipids. The rate of the fast-moving phospholipids along the vagal nerve is the References p.-126
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 distance covered by labelled phospholipids in front of the radioactive column in the unit time (day). For the vagus it is of the order of 72 mm/day (this value iscorrect compared with that of 41 mm/day elsewhere reported, Miani, 1962a) and of 39-45 mm/day in the hypoglossal nerve. The foregoing results have been substantiated by experiments in which the radioactive tracer test was combined with constriction experiments. The first series was designed to determine whether degeneration and regeneration of the axons affected the peripheral flow of the labelled phospholipids. For the purpose, the right vagus and hypoglossus were crushed from 1-57 days before the tracer experiment and the
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 Fig. 3. 32P-lipid content in successive segments of regenerating (heavy line) and intact (broken line) cervical vagus. Crushing the nerve preceded labelling the bulb at different time intervals. Each point is the mean value of 12 experiments.
 
 119
 
 PHOSPHOLIPIDS IN THE AXOPLASM
 
 radioactivity in crushed as well as in intact contralateral nerves was usually measured 2 or 3 days later. At 3 days after nerve crush, the concentration of labelled phospholipids was minimum in the degenerating stump while, coincidently, the concentration of labelled phospholipids just above the constriction rose much compared with the control. This occurred to both the vagal (Fig. 3) and hypoglossal nerves. As the time interval between crushing the nerve and labelling the bulb increased, the radioactive column of the central stump invaded anew the distal one and return proceeded pari passu at the regenerating axons, i.e. at the rate of about 1 mm/day and 4 mm/day in the cervical vagus (Evans and Murray, 1954a, b) and in the hypoglossal nerve (Gutman e t a / . , 1942; Brattgird et al., 1957), respectively. These series of experiments therefore prove (1) that labelled phospholipids are only in the growing axons and (2) that in those, labelled phospholipids move proximo-distally. The second series of experiments was designed to determine how the normal distribution of labelled phospholipids throughout the length of the nerve was altered after 2 days ?
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 Fig. 4. Amount of labelled phospholipids in the nerve segments immediately above and below the constriction of the vagus. Data are expressed as percentage of the amount of labelled phospholipids in the last nerve segment but one in the central stump. Each curve is the mean value of 8 or 11 experiments. References p . 126
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 nerve crush. The right vagus was crushed at the lower cervical level from 1-1 1 days after labelling the bulb with 32P, and the re-distribution of the radioactivity above the constriction was examined 20 h later. The result of a complete experiment from nerves crushed 11 days after labelling the bulb is shown in Fig. 5. It may be seen that the surplus is confined to the terminal 5 mm of the central stump, The more proximal
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 Fig. 5. 32P-lipid content in successive segments of the central stump of the cervical vagus (heavy line) and of intact contralateral controls (broken line). The nerves were crushed 11 days after labelling the bulb with V-orthophosphate, and the re-distribution of the radioactivity above the constriction was examined 20 h later. Each point is the mean value of 9 experiments.
 
 parts of the nerve demonstrated no changes compared to the intact contralateral controls. The same occurred to nerves crushed within 1-10 days after tracer experiment. Accordingly, only 3 nerve segments have been considered in Fig. 4, i.e. the terminal nerve segment of the central stump plus the nerve segments immediately above and below it. At 2 days after labelling the bulb with 32P, the amount of labelled phospho-
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 lipids just above the constriction is 3.8 times higher than that in the reference nerve segment immediately more proximal. The peak then lowers somewhat up to 4 days, but for the time intervals from 4-1 1 days the peak remains stationary. These series of experiments therefore reveal the following facts: ( I ) Labelled phospholipids flow for long down the axon under the present conditions; (2) The flow per hour becomes constant after 4 days from labelling the bulb, i.e. when the vagus is going to reach the equilibrium; (3)Labelled phospholipids are continuously synthesized within the confines of the bulb and then conveyed down the axon. As a matter of fact, it is possible to interrupt the traffic of 32P-lipids at any arbitrary point of the cervical vagus, as well as at any time after labelling the bulb, without the increase of labelled phospholipids just above the constriction, being accompanied by depletion of them in the more proximal rart of the nerve.
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 Fig. 6. 32P-lipid content in successive segments of degenerating (heavy line) and intact (broken line) cervical vagus. The nerves were crushed 6 days after labelling the bulb with 3*PP-orthophosphate,and the re-distribution of the radioactivity below the constriction was examined 3 days later. Each point IS the mean value of 9 experiments. References p . 126
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 It seemed of interest, finally, to determine whether or not motion of labelled phospholipids could occur in the peripheral stump of the cervical vagus during the first 3 days after crushing the nerve. Times longer than 3 days have not been studied because the extensive histological changes in the degenerating stump might complicate the results. Crushing of the right vagus at the upper cervical level took place 6 days after labelling the bulb and the re-distribution of labelled phospholipids below the contriction was examined 1, 2 and 3 days later. Fig. 6 summarizes experiments of 3 days of degeneration. It appears that there is no significant difference in radioactivity between degenerating and intact contralateral controls (P>0.05), with the
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 Fig. 7. 32P-lipid content in successive segments of degenerating (heavy line) and intact (broken line) cervical vagus. The nerves were crushed in 2 points several centimetres apart 6 days after labelling the bulb with 32P-orthophosphate, and the re-distribution of the radioactivity was examined 1 day later. Each point is the mean value of 9 experiments.
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 exception of a slight piling up of labelled phospholipids in the nerve segment immediately below the constriction. The right vagus of another group of rabbits was simultaneously crushed at the upper and lower cervical levels 6 days after the tracer experiment and the radioactivity in crushed as well as in intact contralateral nerves was measured 1 day later. It may be seen in Fig. 7 that increases of labelled phospholipids were confined to the nerve segments immediately above and below both the upper and lower constrictions. The first proximal surplus related to the terminal 5 mm of the central stump (see above) is much higher than the following three related to the peripheral stump. The nerve segments lying between the peaks presented a slight fall in radioactivity compared with the intact antimeric controls. All in all, the 3rd series of experiments indicates that there is not a proximo-distal depletion of labelled phospholipids in the degenerating stump of the vagus. Small amounts of them move and the direction of the motion is simultaneously from proximal to distal and vice versa. Nature of the labelled phospholipids in the axon A further step in the analysis of the labelled phospholipids in transit along the axon was to individualize them. For this purpose, pieces of intact cervical vagus, 72 mm long, and of hypoglossus, 32 mm long, were removed at different time intervals
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 Fig. 8. Comparison of 32P-content in individual alkali-labile phospholipids of the axons and of the nucleated structures of the hypoglossal nerve at different time intervals after labelling the bulb with 32P-orthophosphate or after injection of 32P-orthophosphate. Each point is the mean value of 10-12 experiments. References p . 126
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 after labelling the bulb with 32P and individual alkali-labile phospholipids or individual plasmalogens were obtained from each lipid sample according to the procedure referred to elsewhere (Miani, 1962b). Additional information about the metabolic activity of the nucleated structures of the vagal and hypoglossal nerves (henceforward designed as 'myelin sheaths') was obtained by replacing in the above procedure labelling the bulb by an intraperitoneal injection of 1.4 pC of radioactive phosphate/ g body weight. In fact, injected radioactive material becomes rapidly fixed in the myelin sheaths of the nerves (Weiss, 1961; Droz and Leblond, 1962).
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 Fig. 9. Comparison of 32P-content in individual alkali-labile phospholipids of the axons and of the nucleated structures of the vagus at different time intervals after labelling the bulb with 32P-orthophosphate or after injection of 32P-orthophosphate.Each point is the mean value of 10-12 experiments.
 
 The following phospholipids have been individualized in the axons of the vagal and hypoglossal nerves: phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and phosphoinositide. Data on phosphatidic acid were rather equivocal owing to its relatively low activity. Serine plasmalogen, ethanolamine plasmalogen and choline plasmalogen also migrated along the axons. Finally, phospholipids stable to alkali and mercury (phosphosphingosides) were in motion in the neuroplasm. Examining comparatively Figs. 8 and 9, it is noted that the relative amounts of radioactivity in individual alkali-labile phospholipids of the axon were very different from those of the myelin sheath. Differences were also apparent between the axonal phospholipids of the hypoglossal (Fig. 8) and those of the vagal nerve (Fig. 9). As a
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 matter of fact, in the myelin sheaths of both nerves the molecular ratios of 3zPphosphatidylcholine : 3"-phosphatidylethanolamine : 32P-phosphatidylserine : 32Pphosphoinositide approximated 5 : 1 : I : 1 both in short- and long-term experiments. On the contrary, in the axons of hypoglossal and vagal nerves the ratios were 5 :4 : 13 : 1 and 5 : 2 : 13 : 2, respectively, in short-term experiments. As the time increased up to 10 days, the value for both nerves became approximately 5 : 1 : 1 : 1. For the alkali-stable phospholipids of the axons of the vagal and hypoglossal nerves, whose data have been reported elsewhere (Miani, 1963), the radioactivity was highest for choline plasmalogen and total phosphosphingosides, followed by serine plasmalogen and ethanolamine plasmalogen in decreasing order of activity. These radioactivities are similar in proportion to those obtained by the myelin sheath, although the maximum of the radioactivity was reached much earlier in the plasmalogens and phosphosphingosides of the axon than in those of the myelin sheath of the vagal nerve. Information concerning the significance of individual phospholipids of the axon is completely lacking at present. SUMMARY
 
 There is a considerable degree of certainty that most of the labelled phospholipids of the hypoglossal and vagal nerves are inside the axon under the present conditions. Two groups of experiments substantiate this concept: the first has shown that in the distal part of the crushed nerves labelled phospholipids are only in the newly regenerating axons; the second one has indicated that in intact nerves the Schwann cells and the connective tissue cells of the peri- and endo-neurium synthesize negligible amounts of 32P-lipids as the cells are only supplied with negligible amounts of 32P either by the blood and lymphatic vessels or by the endoneural space. As far as the source of labelled phospholipids of the axon is concerned, the results hitherto presented are all consistent with the concept of a primary synthesis of them in the perikaryon. The rate of migration towards the periphery of the fast-moving phospholipids is ofthe order of 72 mm/day and of 39-41 mm/day in the cervicalvagus and hypoglossal nerve, respectively. The resultant velocity of all motions of the phospholipids in the vagus is of the order of 2.91 mm/day. Taking the present data in conjunction with those of Weiss and Hiscoe (1948), the fact emerges that the fastmoving phospholipids do not move with the axon, but i r ~the axon. There are good reasons to believe that the axon is not a simple traffic line for the phospholipids, but that the phospholipids on the way exchange unlabelled and stationary phospholipids of the axon itself. Presumably because of different widths of channels as well as of different functions, the rate of exchange is much higher in the vagus than in the hypoglossus. There are at present no indications as to how this is performed and how many phospholipids are involved in the replacements. The labelled phospholipids of the axon are as numerous as those of Schwann's sheath cells, but their proportion in the axon is very different from that of the myelin sheath. Further progress in this field may be obtained by fractional centrifugation of the vagal and hypoglossal nerves, a procedure which is now being used in our laboratory. References p . 126
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 Factors Promoting Regeneration of Spinal Neurons : Positive Influence of Nerve Growth Factor D. SCOTT, Jr.
 
 AND
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 Departments of Physiology and Anatomy, School of Medicine, Universiiy of Pennsylvania, Philadelphia, Pa. (U.S.A.)
 
 INTRODUCTION
 
 I would like to express my appreciation for the kindness of the Central Institute for Brain Research in providing an opportunity to share with you the results of our recent experiments on regeneration of spinal neurons in kittens. This symposium will enable me to benefit by the comments and suggestions of fellow members as well as to meet and discuss my problems with many old friends. At the outset I would like to draw to your attention the paradox we find when we examine the properties of the primary sensory neuron. Here, the cell body in the dorsal root ganglion gives forth two processes: one described as peripheral nerve and passing outwards to some sensory ending while the other enters the spinal cord via the dorsal root and becomes part of the dorsal funiculus. It is well known that regeneration will follow injury in the peripheral branch but there is so little evidence of regeneration of the spinal axon that this is generally considered impossible. Despite the fact that these two processes are both part of a single neuron, there is a dramatic difference in their capacity for regrowth following injury. Since Sperry (1951) has shown close similarity between growth and regeneration, I consider our problem basically one of nerve growth although it is important at all times to remember the possible effects of the environment of the regenerating axon and especially the trophic action of the products of degeneration. To make the present state of our knowledge of spinal regeneration as clear as possible I will proceed step by step with the observations which seem most pertinent to the situation with which we are confronted. It is logical to start by seeing what can be learned from the extensive experiences of many investigators in the field of peripheral nerve regeneration. Fortunately the whole problem of regeneration has been extensively reviewed by several workers in the field (Windle, 1955; McCouch, 1963; Clemente, 1963). Earlier Gutmann and Sanders (1942) showed that physical impediments in the normal growth path of the regenerating axon will tend to block regeneration and Young has stated (1942, p. 368) '. . . it is clear that the most important factor determining the time and degree of recovery is the condition at the site of the lesion'. Numerous workers have suggested a multitude of techniques for providing guidance and encouragement to the growing References p . 1471148
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 tip of a regenerating axon. Campbell et al. (1957) have suggested that a sleeve of molecular membrane filter sheet will provide both guidance and favorable cellular environment at the site of the lesion. Apart from providing a guidance path at the point of injury, numerous workers have offered evidence of axon growth promotion by systemic injection of substances extracted from neural and other tissue. Von Koechlin and Von Muralt (1947) described an extract of brain which they called ‘ N R and which markedly reduced the time after nerve section for re-establishment of the corneal reflex as compared to that of the untreated control. Among numerous workers reporting regenerative enhancement after injection of non-neural extracts, Bazan (1954) administered vitamin T (Goetsch) with strongly positive results. Both the foregoing studies employed return of function as their criterion of regeneration but Hoffman (1 951) demonstrated histologic evidence of sprouting of the terminal processes of motor fibers after partial section of the pre-junctional endings. The regeneration of these endings was greatly encouraged by an extract of degenerating neural tissue, suggesting that the products of degeneration have a profound effect on the process of regeneration. In our own studies of the dorsal spino-cerebellar tract, Liu and Scott (1958) have come to look on regeneration and sprouting as two inherently different forms of response to injury of these fibers as will be described shortly. A further requirement for regeneration in the sympathetic system is the formation of appropriate synaptic connections. This has been demonstrated by Gibson (1940) who measured synaptic delay following regeneration and found that it closely approximated control values. Much more could be said concerning peripheral regeneration but from the evidence cited it would appear that we must bear in mind: (1) physical impediments in the path of the regenerating axons; (2) cellular environment at the point of injury; (3) the possible growth promotion of some special extract whose mode of action may not be known. The failure of axons within the spinal cord to regenerate after either section or crushing of the cord has been reported by many investigators (Brown and McCouch, 1947; Davidoff and Ransohoff, 1948). Such axons, however, do show limited terminal growth which is frequently recurrent due to failure to penetrate the site of injury. Exception to this general finding has been reported by Sugar and Gerard (1940) and Freeman (1952). In both of these latter series of experiments, return of function, to a greater or lesser extent, was observed after operative interruption of spinal neurons, but in neither case did the experimental procedure suggest the mechanism of regeneration or the factors critical for its accomplishment. Recent progress directed toward an understanding of the major impediment tending to prevent effective regeneration in the vertebrate spinal cord has focused on two principal aspects of the problem and may be summarized as follows. 1. Blockade. Operative interruption of neurons within the spinal cord is followed by an extensive cellular invasion of the site of the lesion starting within 12 h postoperatively. Of the cell types involved, glial and collagenous elements are especially effective in forming a scar blockade which is impenetrable by the limited growth of regenerating tips of interrupted axons. Such a cellular barrier may be made much
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 more porous, and thus allow penetration by probing regenerating axon tips, through the administration of bacterial polysaccharide to the animal post-operatively (Windle and Chambers, 1951 ; Scott and Clemente, 1955). Examination of the spinal cord by the evoked potential method in an animal so treated after a post-operative period of several months has shown the presence of axons capable of conducting impulses for a short distance beyond the site of the lesion (Fig. 1). Histologic sections from such an animal show axons penetrating the blockade at the site of the lesion (Fig. 2a and b). SP-
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 Fig. 1. Electrical response from the lateral column of the spinal cord of a cat 1 1 months after transection. Diagram shows position of electrodes relative to site of lesion L (A and B). Stimulating electrodes (D, E, F). Recording electrodes. (a) Responses recorded at D and E to stimulus applied at A and B. (b) Responses at E and F to stimulus applied at A and B. (c) Same as (b) after cord has been sectioned between E and F. Time is in msec.
 
 In a separate series of experiments Scott and Liu (1963) sectioned only one dorsal spino-cerebellar tract (DSC) in cats some of which were subsequently treated with bacterial polysacchzride. Those treated with this agent showed limited regenerative growth in 4-6 months but those not treated showed the formation of collateral sprouts from the intact contralateral tract. Potentials were recorded from the DSC rostra1 to the lesion in response to stimulation of the uninterrupted contralateral tract caudal to the level of the lesion. No sprouting was found in animals treated with bacterial polysaccharide. It thus appeared after extensive experimentation with this agent that, despite the removal of the blocking effect of the cellular barrier, the axons did not have adequate growth potential to regenerate a significant distance beyond the site of the transection. Much the same result appears to have been obtained when the spinal cord is wrapped in the vicinity of the lesion with a molecular membrane filter sheet (Millipore) which is said to provide physical discrimination between cellular elements and solutes invading the site of the lesion (Campbell et al., 1957; Thulin, 1960). However, recent electron micrographic studies reported by Harkin( 1963)showed no significantdecrease in cell population at the site of a peripheral nerve lesion surrounded by a Millipore sleeve as compared to one in which this material was not used. Referelices p. 1471148
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 Fig. 2a. Longitudinal histological section of cat spinal cord, after transection taken midway ventrodorsally through the site of the lesion. Silver pyridine stain, x 75. Control cat 3 months after operation.
 
 2. Regenerative growth. The factors governing growth potential of the regenerating axons tips are more difficult to identify. Brown and McCouch (1947) have presented histologic evidence of the regeneration of the severed nerve tips subsequent to transection of the spinal cord of the cat. Such regenerating tips were found either embedded in the scar formed at the site of the lesion or deflected by the scar to take a recurrent course. Some advancing regenerative growth of the proximal tip would thus be expected when the blockade imposed by the scar had been rendered more penetrable by the therapeutic agent, but, for some unknown reason, this appears to be of very limited extent. In fact, it has not been shown whether regenerative growth is determined by environmental factors in the milieu surrounding the tip itself, or whether such growth is an expression of the rate of physiological activity in the cell body which is transmitted to the tip by axoplasmic streaming as has been suggested by Weiss and Cavanaugh (1959). A third possibility includes the influence of both factors.
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 Fig. 2b. Longitudinal histological sections of cat spinal cord, after transection taken midway ventrolaterally through the site of the lesion. Silver pyridine stain, x 75. Experimental cat 11 months after operation having received a total of 6222 y/kg bacterial polysaccharide Ptromen.
 
 Stimulation of regenerative growth through the administration of substances known to increase the metabolism of the animal (such as triiodothyronine) has been attempted without success (Scott, 1964). Likewise, vitamin T (Goetsch) which has been reported to give strong encouragement to the growth of regenerating peripheral nerves, has been employed i n an effort to increase growth of spinal axons in the cat. No significant difference was seen between the treated and untreated animals. References p. 1471148
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 Isolation of a powerful growth promoting substance from mouse submaxillary gland has been reported by Levi-Montalcini and Brooker (1960) and Bueker et al. (1960). This material has been shown to be a protein of molecular weight 20,000-22,000 which can be fractionated into three principal components, two of which are essential for stimulation of the nerve growth (Cohen, 1959; Schenkein and Bueker, 1962). Explants of mouse sympathetic and sensory ganglia in tissue culture were found to respond to administration of 10-9 g of this material by the growth of a dense halo of nerve fibers surrounding the explant within 12 h (Fig. 3). Injection of this nerve
 
 Fig. 3. Microphotographs of sensory ganglia after 24 h in vitro. Silver impregnation. (A). Ganglion of a 23 months human fetus in the standard control medium. (B). Ganglia of a 7 day chick embryo in a medium containing the purified salivary protein at a concentration of 1 : 18,000. (Permission received from Dr. R. Levi-Montalcini to reproduce this figure).
 
 growth factor (NGF) into intact animals was also shown to produce hyperplasia and hypertrophy of neurons, especially in the sympathetic system and, to a limited extent, in sensory pathways within the spinal cord as well (Levj-Montalcini and Brooker, 1960). The present experiments examined the influence of NGF on regenerative growth of axons within the spinal cord. Complete transection of the spinal cord involves interruption of fibers in the many separate pathways containing ascending, descending, and intrinsic neurons. This limits the possibility of discriminative analysis between the characteristics of the neurons in any one pathway as well as increasing the technical difficulties of animal maintenance during the post-operative period. In view of the demonstrated specific growth enhancement of neurons of the sensory pathway by the action of NGF the observations in the following experiments were restricted to the dorsal funiculus.
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 MATERIALS A N D METHOD
 
 Seven normal healthy kittens were selected for operative interruption of the dorsal funiculus by means of a crush lesion. All animals were fully weaned and inoculated against feline distemper. The pre-operative weight was between 700-800 g to allow administration at the selected daily dose level (B.U./g/day) without exceeding the limitations of our supply of growth factor. Systemic administration by subcutaneous injection had the advantage of providing slow sustained release of this material and also providing that it be available to both cell body and growing axon tips, as its site of action remains uncertain. After anesthesia with sodium pentobarbital (0.36 mg/kg), the dura was exposed by laminectoniy at the level of T 12. The exposed area was confined to 3 mm in diameter and great care was taken to avoid injury or impairment to the small arteries and veins found subdurally. The lesion was created by inserting the tips of fine watchmakers forceps through the dura on either side of the dorsal funiculus and sustaining the crush for 10 sec. To confirm the complete interruption of the dorsal funiculus, the gap between the ends of the pathway was observed to fill with pinkish fluid after removal of the forceps. The operative field was free from hemorrhage at closure and a small piece of Gelfoam was applied. The muscles, fascia and skin were sutured with interrupted stitches. No unfavorable post-operative sequelae were observed. All animals were fed a high protein diet with 20-25% by wet weight fat and in addition vitamins A, B1, B6, D, and E and minerals. Daily exercise was provided and periodic neurologic examination evaluated coordination of movement, placing of feet during walking as well as presence of tactile placing reflex. All animals increased in weight by about 200 g during the interval between the operation and the time of sacrifice. Purified nerve growth factor (NGF) was obtained through the courtesy of Abbott Laboratories (North Chicago, Ill.) in lyophylized form to prevent deterioration and loss of potency. This material was dissolved as needed in distilled water at an approximate concentration of 1 mg/ml depending on the potency of the sample and the magnitude of the intended dose. The potency of each sample in biological units (B.U.) was determined at the source by the tissue culture method and by injection into intact animals followed by histologic evaluation of the response. Dosage was evaluated in terms of units of biological activity per gram of kitten body weight per day (B.U./g/day). One unit of biological activity is defined as 'that amount (of NGF) per ml of tissue culture explant required to elicit a 3 response corresponding to a dense halo of nerve fibers emerging from the explant within 12 h' (Levi-Montalcini and Booker, 1960, p. 374). Dosage levels of 280,860 and 2200 B.U./g body weight/day respectively were administered 7 days per week to the three kittens receiving treatment (Table I). Immediately following the initial operation each animal was given 10 y of bacterial polysaccharide in the form of Piromen (Baxter) intraperitoneally and 0.5 ml Combiotic (Pfizer) containing 100,000 units penicillin G procaine and 0.125 mg dihydrostreptomycin intramuscularly. Identical therapy was administered after 24 h, following which the administrat;on of N G F was started. The schedule of administration of
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 N G F was varied in each experiment to explore the effect of alteration of the following variables as shown in Table I: (a) daily dosage in terms of B.U./g body weight, (b) number of days during which N G F was administered, and ( c ) number of days between the end of N G F administration and the final neurophysiologic and histologic evaluation of the animal. E V A L U A T I O N PROCEDURES
 
 Final evaluation of the effect of the treatment consisted of electrophysiological studies by the evoked potential method followed by fixation and staining for histological examination. Electrical stimulation was with brief square wave pulses (0.1 msec) at a rate of 3/sec provided by a Grass S4B stimulator. The evoked potentials were led to an A.C. coupled pre-amplifier with a time constant of 0.5 sec and displayed beside a time calibration on a double beam oscilloscope. Both stimulating and recording electrodes were made of 0.005 in. platinum-iridium wire which was bent in the form of a fish hook for stimulating the dorsal roots and was ground to a point for stimulating and recording from the surface of the cord. Stimulation was first applied to one dorsal root at the level of L7 after cutting the corresponding ventral root. Subsequently, stimuli were applied directly to the surface of the dorsal funiculus at a point caudal to the level of the lesion. The response to each type of stimulation was recorded from the surface of the dorsal funiculus by electrodes which were incrementally moved from an initial position 20 mm caudal to the lesion, then to the level of the lesion, and finally as far rostral as a response could be recorded. Similar observations were made on the dorsal spino-cerebellar tract for comparison. Immediately following electrophysiological study, the spinal cords of these animals were fixed by perfusion (Koenig et al., 1945). Serial sections, 10 p thick, were made longitudinally from a segment of spinal cord 20 mm long including the lesion. The plane of the section in some animals was dorsoventral while in others it was sagittal (Table I). Additional transverse sections were made immediately adjacent to each end of this segment. Sections were stained on the slide by a modification of the Bodian protargol method. RESULTS
 
 A. Neurological and electrophysiological
 
 I . Control kittens. These four animals received no N G F subsequent to operation but in three cases were given the usual post-operative dose of Piromen for the first 2 days (Table I). No evidence of functional recovery was seen in these animals such as might suggest restoration of conduction along the interrupted pathways. When electrical stimuli were applied either to the dorsal root L7 or to the dorsal funiculus caudal to the lesion, no responses were evoked at the level of the lesion or rostral to it. For example, stimulation of the dorsal funiculus with 0.7 V just caudal to the lesion failed to evoke any response at a point 1 mm above the lesion in the control kitten No. 612. Retrograde degeneration of the sensory axons caudal to the References p . 1471148
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 lesion modified the rostral limit at which evoked responses were seen. On the other hand the electrotonic spread of the responses from the extreme point of conduction resulted in a detectable potential for 2-5 mm further rostral. A normal evoked response was obtained when the recording electrodes were placed 5-10 mm caudal to the lesion and a roughly linear decrease in amplitude in this response was observed as the recording electrodes were moved closer to the lesion. Conduction in adjacent intact pathways remained entirely normal. 2. Experimental kitten No. 629 received NGF daily in a dose calculated on the basis of 280 B.U./g body weight for 22 days. A period of 7 days elapsed between the end of treatment and the evaluation. Several neurologic signs were present in this kitten suggesting involvement of pathways external to the dorsal funiculus at the time of making the experimental lesion. It was necessary to employ manual expression to empty the bladder for the first few days post-operatively. Weakness was observed in the hind legs subsequent to operation but recovery of walking and running occurred during the first 10 days after operation and by the time of the evaluation very little deficit remained. No evidence of tactile placing response was observed at any time and even at the end of the period of treatment the hind legs occasionally tripped over each other. This animal showed a small but consistent evoked potential from the fibers of the dorsal funiculus when recording electrodes were placed as far rostral as 2 mm from the level of the lesion in response to stimulation applied to the dorsal root L7. Stimulation was also applied directly to the dorsal funiculus at a point 5 mm caudal to the level of the lesion and this evoked an identifiable response at the level of the lesion and up to a point 4 mm rostial to it, but little, if any, response was recorded beyond this point. 3. Experimental kitten No. 624 received NGF daily in a dose calculated on the basis of 860 B.U./g body weight for 28 days. A period of 14 days elapsed between the end of treatment and the evaluation. This kitten was exceptionally healthy and active during the entire post-operative period. No walking or running deficit was observed except for a slight weakness on the first day after operation. At the time of evaluation a slow tactile placing response of questionable significance was observed. Stimulation of the dorsal root L6 evoked a prominent spike with a single peak which could be recorded 6 mm rostral to the level of the lesion with a delay of 1.3 msec. No effort was made to record this response to dorsal root stimulation at any point further rostral. It was possible, however, to exchange stimulating and recording electrodes and in this way evoke an antidromic response from the dorsal root L6 by stimulation of the dorsal funiculus at a point 6 mm rostral to the lesion (Fig. 4c and d). Direct stimulation was applied to the surface of the dorsal funiculus at a point 5 mm caudal to the lesion and this evoked a large unimodal spike when recording electrodes were placed 14 and 19 mm rostral to the lesion. Conduction velocity determined from these records gave an average value of 65 m/sec. No effort was made to record this potential from points further rostral, as the laminectomy only extended 20 mm beyond the lesion, in order to avoid any hazard to the subsequent fixation and sectioning for histologic study.
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 4. Experimental kitten No. 613 received NGF daily in a dose calculated on the basis of 2200 B.U./g body weight for 14 days. A period of 35 days elapsed between the end of treatment and the final evaluation. This kitten was healthy and active during the entire post-operative period but a slight weakness was initially present in the hind legs which gradually cleared up. When standing it tended to sway from an erect posture. No tactile placing response was observed in the hind legs at any time subsequent to operation.
 
 Fig. 4. Evoked potentials recorded from treated kittens. (A, upper left). Kitten No. 613: dorsal funiculus stimulated 30 mm caudal to lesion; recorded from dorsal funiculus 5 mm rostral to lesion; calibration 50 ,uV; 5000 cjsec. (B, lower left). Kitten No. 624: dorsal funiculus stimulated 5 mm caudal to lesion; recorded from dorsal funiculus 14 rnm rostral to lesion; 2000c/sec. (C, upper right). Kitten No. 624: dorsal root L6 stimulated; recorded from dorsal funiculus 6 rnm rostral to lesion; 1000 c/sec. (D, lower right). Kitten No. 624: dorsal funiculus stimulated 6 mm rostral to lesion; recorded from dorsal root L6 (reverse arrangement of electrodes in C); 1000 c/sec.
 
 Stimuli were applied directly to the dorsal funiculus in this kitten at a point 30 mm caudal to the level of the lesion. A large unimodal spike was evoked at a position 5 mm rostral to the lesion in response to stimulation with 0.7 V. The conduction velocity ofthis spike was 63.5 m/sec. A similar but smaller potential was observed from a point 8 mm rostral to the lesion. Stimulation of a dorsal root was not attempted (Fig. 4A). References p . 1471148
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 B. Histology of’ spinal cord in vicinity of the lesion Control kittens Nos. 612, 625, 626, 628 General. In all cases the level of the lesion is marked by a large vacuole or cyst which is usually separated by a thin layer of tissue from the dorsal surface of the spinal cord. A marked increase in glial cells can be seen both rostral and caudal to the level of the lesion. Caudal to the lesion. Fibers of the dorsal funiculus appear normal when more than 3 mm caudal to the lesion. A progressive depopulation of the tract is observed at distances less than this until all but 5 % of the number of fibers have disappeared at a point 1 mm from the lesion (Fig. 5B). In this ‘area of disappearance’ some neurons
 
 Fig. 5. Longitudinal section in dorsoventral plane of spinal cord of control kitten No. 612 showing dorsal funiculus (A) rostral and (B) caudal to lesion 49 days after crushing. Bodian protargol stain, x 250.
 
 taper abruptly and the resulting filament then fragments. Other neurons terminate in a small Y-shaped enlargement or occasionally exhibit a more extensive enlargement resembling a growth cone. Branching of normal diameter neurons can occasionally be seen but more frequently fine collateral processes are given off. Thus, as the lesion is approached, fewer and fewer fibers of normal diameter are seen while fine filamentous processes (often fragmented) are seen to within 0.5 mm of the lesion. Throughout this area numerous glial cells are interspersed among the remaining fibers. The fibers become involuted and intertwined just caudal to the perimeter of the vacuole, changing direction at random and thus forming a small plexus in the path of the dorsal funiculus. In the ‘area of disappearance’ glial cells are frequently seen in intimate relationship with axons looking much like ‘snails on a piece of grass’ (Fig. 6). In a few instances the glial cells can be seen in the process of extending a ‘foot’ to contact the axon,
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 Fig. 6. Details from dorsal funiculus of control kitten No. 612, 2 mm caudal to lesion (see Fig. 5 ) showing axons tapering, branching and forming collateral sprouts; in both views oligodendroglia can be seen attached to axons and also in process of extending 'foot' on to an axon. Bodian protargol stain, x 2100.
 
 but in most cases the glial cell lies closely adherent to the neuron. While glial cells in their normally unattached condition have a roughly circular outline, they assume an elongated outline once they have come to lie against the fibers. Lesion urea. The normal path of the dorsal funiculus and adjacent tracts is obliterated by the large vacuole usually seen at the level where the neurons were crushed in the initial operation. The diameter of this vacuole is between 0.5-1.0 mm. A closely packed invasion of collagenous fibers is seen immediately caudal to it, forming a complete bIockade to the fibers of the dorsal funiculus. Among the collagenous fibers, an occasional neuron can be seen which in no case succeeded in penetrating the blockade. In those sections cut in the dorsoventral plane, small fascicles of neurons can be seen sweeping around either side of the vacuole. These fibers, when carefully traced, are seen to have migrated towards the axis of the spinal cord from their origin in the lateral funiculus or the dorsal roots. Rostra1 to lhe lesion. A high density of glial cells with an occasional axon borders the rostra1 perimeter of the vacuole (Fig. 5A). These axons appear to belong to one of three groups : ( I ) descending axons which probably represent descending branches of dorsal root fibers ;(2) degenerating fibers which are clearly fragmented; (3) occasional very small fibers probably originating in the proprio-spinal tract. With increasing References p. 147l148
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 distance from the vacuole, an increasing number of axons sweep into the path of the dorsal funiculus from adjacent tracts until the true identity of this pathway is lost 4-5 mm rostral to the lesion. No growth cones are seen rostral to the lesion with the exception of a very occasional one on a descending axon. NGF treated kittens Gross examination of specimens. All three treated kittens showed increased vascularization of the lesion area. The vacuole or cyst at the site of the lesion caused either swelling or local depression of the substance of the cord, depending on whether it was fluid-filled or not. Due to the difference in dosage and length of treatment of the three kittens the observations on each animal will be described separately. Kitten No. 629. Dosage 280 B.U./g/day (least). The depression of the substance of the cord at the level of the lesion resulted in an apparent disappearance of axons and cells in the more superificial sections. The mid-level of the lesion was marked by an invasion of deeply stained collagen fibers on a line almost completely across the cord. Caudal to the lesion. A normal population of fibers ascends in the dorsal funiculus to a level about 1.3 mm caudal to the lesion at which point the number of fibers decreases and they start to intertwine tortuously. Closer to the lesion small vacuoles and increasing numbers of glial cells are seen (Fig. 7B). The collagenous invasion at the lesion is itself invaded by fascicles of fibers which never seem to penetrate but
 
 Fig. 7A. Kitten No. 624. Low power dorsoventral section showing large vacuoles at site of lesion and occasional axons passing around it. Rostral direction top. Bodian protargol stain, x 125. Fig. 7B. Kitten No. 629. Low power sagittal section of dorsal funiculus showing small fascicles of fibers passing ventral to the vacuole. Occasional small fascicles can be seen rostral to the vacuole but are better seen in Fig. 8 (detail). Rostral direction top. Bodian protargol stain, x 125.
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 often show growth cones at their tips. Between the collagenous blockade and the axons below, numerous small fragmented fibers can be seen. Rostra1 to the lesion. Immediately rostral to the lesion, glial cells and degenerated debris are seen between the vacuoles with only a few single fibers appearing, and these are seen only in short lengths. Further rostral, an occasional growth cone is seen but no more than one or two of these appear in each section. Starting about 0.2 mm further rostral, fibers start appearing in the central avenue of the dorsal funiculus until the population of fibers is close to half that of the normal number caudal to the lesion. These fascicles of fibers can be seen entering from the lateral funiculi, dorsal roots, or the central gray matter. Such fibers entering from adjacent tracts occasionally show growth cones but these are easily distinguished by their position from the few fibers which appear to have regenerated past the lesion from the caudal segment of the dorsal funiculus. Kitten No. 624. Dosage 860 B.U./g/day (median). At the level of the lesion a vacuole approximately 0.6 mm in diameter can be observed, centered 0.8 mm deep to the dorsal surface of the cord. This results in only a slight depression of the dorsal surface and consequent continuity of sections above and below the lesion (Fig. 7A). Caudal to the lesion. The normal population of healthy fibers of the dorsal funiculus is seen caudal to a point 1.7 mm from the mid-level of the lesion. For a distance of about 1 mm rostral to this level a decrease in the number of fibers is found. Instead of the straight and parallel arrangement below this level, their direction becomes random and confused with an increase in glial cells. In this vicinity occasional growth cones can be observed as well as some branching and the formation of collateral sprouts. Significant groups of fibers are observed, however, which continue through this area, passing somewhat irregularly among the glial cells. As a result of this irregularity, no single fiber can be followed for any great distance, although short lengths of smooth healthy fibers travel from the region of the plexus to a level slightly rostral to the mid-level of the lesion. Rostral to the lesion. Fascicles of large and small diameter fibers appear rostral to the lesion and continue for a considerable distance. In general, such fibers tend first to pass around the vacuole and then to continue lostrally in a normally straight path closer to the axis of the cord. Such fascicles pass in considerable number between the vacuole and the surface of the cord, but few of these occupy a path within 50 ,u of the dorsal surface of the cord after passing the level of the lesion. The rostral termination of some fibers is accompanied by the appearance of growth cones in the region starting 3 mm from the level of the lesion and extending to the limit of the section (Fig. 8B). However, the population of growth cones does not reach as sharp a concentration at any level as in the case of the kitten No. 613 which received the highest rate of administration of NGF. At all levels rostral to the lesion, smooth fibers are seen suggesting that the limit of growth of such fibers extends beyond the end of the section. In several instances a small blood vessel is seen to be closely accompanied by several axons for a considerable distance (Fig. 8A). Between 1-3 mm rostral to the lesion, fibers originating from the gray matter enter the path of the dorsal funiculus. They can be seen passing horizontally, singly Rrjerences p . 1471148
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 Fig. 8. Kitten No. 624. Details of regenerating axons 3-5 rnm rostral to crush lesion of dorsal funiculus. ( A ) . Small blood vessel accompanied by several regenerating axons; Bodian stain, x 700. (B). Rostra1 end of regenerating axon showing growth cone; Bodian stain, x 550.
 
 and in groups, and when they reach the dorsal funiculus they turn and ascend in that portion nearest to the central gray. Some of these fibers are seen to terminate in growth cones and beyond 5 mm from the level of the lesion it becomes difficult to distinguish fibers which have passed up from the caudal segment of the dorsal funiculus from those which are extrinsic. For this reason no positive estimate can be made of the maximal distance which fibers passing the lesion have extended in a rostral direction in this kitten. Kitten No. 613. Dosage 2200 B.U./g/day (hghest). At the time of exposure for evaluation the gross appearance of the spinal cord in the area of the lesion was not gray-white, as in the control kittens, but was creamy-white in color, similar to the rest of the spinal cord. It was extensively vascularized and at the level of the lesion the dura was somewhat swollen. Upon reflexion of the dura, bundles of silverwhitish appearing tissue resembling fiber bundles were seen running along both dorsolateral aspects of the cord in this region. No place on the cord looked injured and no sharp limit to the area of the lesion was seen. Formol fixation of the spinal cord resulted in the same local depression of tissue at the site of the lesion as observed in the other treated animals. For this reason, regenerating fibers can be seen growing vigorously just caudal to the lesion but disappearing from the plane of the section at the level of the crush only to reappear at a slightly more rostral level. Cuudul lo rhe lesion (Fig. 9B). A reduction in the number of fibers in the dorsal funiculus is seen beginning 2 mm from the level of the lesion but this only results in
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 Fig. 9. Longitudinal section in dorsoventral plane of spinal cord of kitten No. 613 showing high density of normal axons on both sides of site of lesion. (A). Dorsal funiculus 2-3 mm rostral from level of crush lesion. (B). Same section 2-3 mm caudal to level of lesion. Compare these sections with similarly located sections from control kitten in Fig. 5. Bodian protargol stain, x 250.
 
 the disappearance of approximately half of the normal population. The numerous remaining fibers are subject to curvature but, in marked contrast to all other kittens, their outline is smooth and of normal diameter. No tapering nor formation of collateral sprouts can be seen and the overall appearance is strongly suggestive of healthy vigorous growth. The collagenous barrier is present but is entered and penetrated by a considerable number of fibers which then pass rostrally in marked contrast to the situation obtained in the control animals and in those receiving a lower dosage of NGF. Rostra1 to the lesion. As a result of the depression of the cord substance at the lesion site, the perimeter of the stained sections represents tissue at the surface of the cord and shows only glial cells and degenerative debris. However, commencing 1-2 mm from the lesion, increasing numbers of fibers are seen to emerge into the plane of the section and continue along a path parallel to the axis in a rostral direction. In those sections, deep to the surface, where the vacuole is seen, similar fibers sweep around and past it on either side. While the numerous large diameter fibers all present a smooth outline and follow a straight course, a few of the smallest fibers appear fragmented and their course is undulating (Fig. 9A). These large fibers appear most numerous between 2-5 mm from the level of the crush, especially in the central third of the width of the cord. Glial cells are less numerous than observed caudal to the lesion and only occasional branching of fibers is observed. Near the rostral limit of this region numerous growth cones can be seen, most frequently associated with the termination of large diameter fibers (Fig. lo). All fibers in this pathway terminate between 5 and 6 mm rostral to the lesion, creating a References p. 1471148
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 Fig. 10. Details of growing tips of regenerating axons rostral to crush lesion in kitten No. 61 3. Furthest advance of axons, 6.3 m m beyond lesion, represented at top of three serial views in longitudinal section of dorsal funiculus. Bodian protargol stain, x 850.
 
 uniform limit of development beyond which only glial cells and degenerative debris can be seen. The greatest distance rostral to the lesion that growth cones have been identified is 6.3 mm. In some stained sections where fine blood vessels can be seen to run in the plane of the section for a short distance, these are frequently accompanied in close relationship by two to four axons. Not all such vessels are accompanied by a group of fibers but where this does occur the association is continued for a considerable distance. DISCUSSION
 
 The response of axons in specific pathways in the spinal cord to an experimental lesion has been shown by previous investigators to vary with the form of treatment administered. In cats where the entire spinal cord was transected and the animal subsequently treated with the bacterial polysaccharide Piromen, Scott and Clemente (1955) found far greater evidence of regenerative growth in the cortico-spinal pathway when compared to the dorsal funiculus. This finding is in agreement with the increase in hypertrophy and hyperplasia of glial cells in this tract subsequent to transection of the spinal cord in the untreated cat. When the lesion was restricted to the intrinsic fibers of the dorsal spino-cerebellar tract it was found that regeneration was possible for a very short distance beyond the site of the experimental crush (Liu and Scott, 1958). In the present experiments, the lesion has been limited as closely as possible to the fibers of the dorsal funiculus in keeping with the known effects of NGF on sensory neurons in tissue culture (Levi-Montalcini, 1955). It seems clear from the present study that marked acceleration of regenerative growth of such fibers results from systemic treatment of the
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 animal with an adequate level of this material. While incidental observations were made on fibers of tracts adjacent to the dorsal funiculus and evidence of growth enhancement was observed, the lesions in the present study were not placed so as to permit a critical evaluation of regenerative growth in any but the fibers of the dorsal funiculus. The smooth outline of axons caudal to the lesion in the kitten receiving highest dosage resembled normal uninterrupted fibers in contrast to the tapering, branching and fragmentation seen in the controls. Rostra1 to the lesion a high population of regenerating axons was seen in this same h g h dosage animal while no regenerating fibers were seen in any of the controls. Glial cells at the site of the lesion may act to remove degenerated debris. While no marked difference in the number of glial cells per unit area has been found between the control and treated animals, the attachment of these cells to the fibers was only seen in the untreated kittens. This suggests that degeneration was decreased in the treated animals caudal to the lesion. The presence of specific types of terminal enlargements has been described as indicative of active growth (Cajal, 1928) but the interpretation of this histological evidence requires the correlation with evoked potential evidence in the spinal cord to assure the identity of the growing fiber. The close correspondence between the most rostral limit reached by regenerated fibers in the histological sections and the evoked potential records supports the attribution of origin of the growing fibers and validates the measurement of maximum growth. This applies especially to the kittens receiving the larger doses (kittens Nos. 624 and 613). Regenerative growth during the period of treatment might represent merely a transient enlargement of the terminal pseudopodia, and if so it would be expected that these would be retracted during any appreciable period following the conclusion of administrative therapy. The fact that the histological sections from kitten No. 613 show healthy vigorous axons well above the crush level despite the 35 days which elapsed after treatment before evaluation suggests that such growth as has been observed is not of a temporary character. On the other hand, it had been hoped that once regenerative growth of fibers had been initiated it might continue beyond the period of treatment and this has not been substantiated. The evaluation by evoked potential method showed that in the control kittens and in kitten No. 629 (low dosage) there was no significant response rostral to the lesion when stimuli were applied to the intact fibers of the dorsal funiculus. On the other hand, the two kittens treated with higher dosages showed that: (1) the maximum distance rostral to the lesion at which an evoked potential could be recorded was proportional to the length of the period of administration of NGF; (2) the magnitude of the evoked response correlated roughly with the daily dosage but quantitation of response under the circumstances of these experiments is not precise. Summary of the histologic results showed a consistent differentiation related to either the daily dosage or the length of the administration of N G F as follows. 1 . The extent of the ‘region of disappearance’ of fibers rostral to the lesion is approximately inversely proportional to the daily dosage of NGF. Re.ferences p . 1471148
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 2. The population of viable axons arriving at the collagenous blockade is positively related to the daily dosage of NGF. 3. The close association of glial cells with axons (which appears to be associated with their degeneration) is seen caudal to the lesion in the control kittens but not in the treated kittens. 4. The number of fibers penetrating the collagenous blockade correlates with the daily dose of NGF. 5. The population of healthy fibers seen rostral to the lesion which exhibit growth cones is directly related to the daily dosage of NGF. 6. The distance that healthy fibers with growth cones can be traced from the site of the lesion in a rostral direction is correlated with the number of days of administration of NGF. 7. The forefront of outgrowth of axons seen rostral to the lesion of the high dosage kitten (No. 613) implies an extremely vigorous regenerative growth during the period of administration which is not seen in any of the other kittens. These results are consistent with the view that nerve growth factor produces a marked enhancement of the regenerative growth of axons of the dorsal funiculus of the spinal cord of kittens. There’is a consistency among all the effects observed as a result of administration which indicates that the magnitude of the daily dosage determines the density of the regenerating axon population while the number of days of administration determines the distance rostral to the lesion to which the regenerating axons will grow. There is no evidence that any continued regenerative growth will persist after the end of the period of administration nor is there evidence that regression will take place after administration is concluded. While there are small but consistent histologic changes in the kitten receiving low dosage (No. 629) as compared to the controls, no evidence of the effect of this treatment was found by the evoked potential method, and this level of dosage is considered inadequate. The kitten which was treated for the longest period with the median dose showed fascicles of fibers whose evoked potential could be recorded at least 19 mm rostral to the lesion. Finally, the ‘high dose’ kitten (No. 613) showed a massive regenerative growth by all tests but the distance of outgrowth was limited by the short period of administration. Thus, a dosage of 900 B.U. NGF/g body weight/day appears to be the minimum which will produce a significant enhancement of regeneration. This compares with the minimum dosage of 1000 B.U. NGF/g body weight/day found by Crain and Wiegand (1961) to be required to produce either hypertrophy or hyperplasia in intact mice. The present experiments were undertaken on the hypothesis that growth enhancement was the major deficit to be overcome in the accomplishment of spinal regeneration and the results from the dorsal funiculus support this concept. It is not yet known whether such growth stimulus will result in regeneration without modification of the scar tissue matrix or whether both impediments must be overcome for successful growth as in the present experiments. The success of the present study has been to demonstrate a means by which many of the unsolved problems may be answered and a wide range of further experiments are currently under way.
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 SUMMARY
 
 Spinal axons will develop a blockade to regenerative growth after interruption by a crush lesion. This may be rendered penetrable by axon tips through the administration of a bacterial polysaccharide or by envelopment of the lesion site with a molecular membrane filter sheet. Since this regenerative growth of spinal neurons subsequent to treatment has proven very limited in extent, the employment of a nerve growth stimulating factor (NGF) extracted from mouse salivary gland has been examined in the current experiments. This substance has previously been shown to enhance the growth of sympathetic and sensory neurons and, therefore, all experimental lesions were made on the dorsal funiculus of kittens. Administration of NGF systemically to such animals produced a marked enhancement of regenerative growth when dosage exceeded a liminal value. The extent of such growth was in close agreement when determined by both evoked potential and histologic methods ; the distance regenerated being proportional to the length of administration while the abundance of axons showing growth beyond the experimental lesion was related to the therapeutic dosage. These results suggest that enhancement of regenerative growth by an appropriate agent playspa major role in the re-establishment of neural connections in the spinal cord following an experimental lesion. ACKNOWLEDGEMENT
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 TREVOR HUGHES: In the examination of spinal cords of human diseases one occasionally encounters bundles of nerve fibers of peripheral nerve type 1 very rarely. A spinal cord is totally invaded by such fibers. It is my experience that these fibers arise either: (1) from damaged posterior nerve roots; (2) from damaged axons from anterior horn motoneurons. The factors that permit this unusual type of nerve growth appear to be: (1) damage to axons; (2) absence of neuroglia, either normal central nervous system or an astrocytic glial scar; (3) long survival (years) after the axonal damage. Could Dr. Scott or other members present comment on these findings? SCOTT:Since I am a neurophysiologist I have an advantage on you, because we can stimulate our fibers. I would like to know where these came from, I am wondering whether they might be there somewhat incidentally as a conceivable invagination into the spinal cord, of even a peripheral nerve that might run as you suggest over some vascular defect and then simply remain there.
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 GLEES:From Dr. Scott's work I would say it is not surprising that posterior root fibers and posterior column fibers will regenerate. The cell body lies outside and developmentally the posterior columns are posterior roots, attaching themselves to the spinal cord to ascend. They might just as well have run outside as this happens evolutionary. So here we have a different problem. I don't think it is intraspinal regeneration in the very true sense of the word. If you could show this for the pyramidal tract it would be a different matter.
 
 HUGHES: Some of the serial sections showed clearly that they come from the TREVOR posterior nerve roots. This of course is in line with Cajal's work, showing that there is regeneration in rhizotomy. What is different in the cases I showed is that the altered conditions in the spinal cord permit the invasions. What these altered conditions are I do not know precisely, but it seems to me that the absence of glials is very important. I do not think connective tissue is any barrier to the growth of these nerves, in fact it may be an advantage. GUTMANN: I wonder if you have any picture of glial cells in these experiments. Evidently the effect could be due either to the neuron or to the satellite cells. The experiments of Levi-Montalcini all indicate that the factor is a diffusable agent acting on the neuron. It would be interesting to see whether the orientation of the glial cells would change after the treatment and whether this orientation is important for the regeneration. The second point I would like to make is the following: We did some experiments in peripheral nerve regeneration, trying to get action potentials in the first days after crushing. The threshold is extremely high and in the first few days we never succeeded to stimulate it above the lesion. SCOTT:To answer the first question most clearly we should have tissue culture studies with particular emphasis on glial development subsequent to administration of NGF. Since such studies are not available I can only compare the appearance of glial cells in our treated and our control kittens. The principal cell type was oligodendroglia which were very numerous in the vicinity of the lesion in the control kitten. These cells frequently adhered to or were closely associated with the degenerating axons. In the treated kittens the glial cells were somewhat less numerous but by no means absent. However, they were only rarely seen associated with axons and almost entirely appeared with round or oval outlines distributed through the substance of the cord independent of the regenerating axons. In reply to your second question we have never examined our regenerating neurons earlier than I month after crushing. In the kitten which was treated for 28 days we evoked a potential in regenerating fibers 7 mm rostra1 to the lesion by stimulating the dorsal root L7. We then showed that stimulation could be applied at the same point on the regenerating axons and evoke a potential response in dorsal root L7 using about the same strength of stimulus. However, our time interval after crushing is much longer than yours so we cannot comment on your observation.
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 DISCUSSION
 
 GUTMANN: May I ask the question why you did not test the growth factor on peripheral regeneration? Because it should effect at least the rate of regeneration in peripheral nerve.
 
 SCOTT:I quite agree that the effect of growth factor should be tested on peripheral regeneration but we have not done this in the kittens we have studied. GUILLERY: Have any effects been noted on the normal cells of your material? For example, on the anterior horn cells, in terms of Nissl substance, nerve fibrils, or even of boutons ending up on the cells? SCOTT:We have not yet employed the special stain required for adequate staining of Nissl substance, nerve fibrils or boutons.
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 Some Ultrastructural Features of Segmental Demyelination and Myelin Regeneration in Peripheral Nerve H. DE F. W E B S T E R Massachitsetis General Hospital, Boston, Mass. ( U.S.A.)
 
 Segmental demyelination, first described by Gombault in peripheral nerves of guinea pigs with chronic lead intoxication (Gombault, I SSO), is characterized by focal breakdown of myelin sheaths with relative sparing of axons, and has been identified as the main histopathological lesion in a number of important human and experimental diseases of the nervous system, including multiple sclerosis (Adams and Kubik, 1952), acute idiopathic polyneuritis (Haymaker and Kernohan, 1949), experimental allergic neuritis (Waksman and Adams, 1956) and diphtheritic neuritis (Waksman et al., 1957; Fisher and Adams, 1956). Recently, the submicroscopic features of the segmental demyelination and remyelirzation occurring in experimental diphtheritic neuritis were describzd (Webster et a/., 1961) and subsequently, the same process was studied in tissue culture (Peterson et al., 1962). As expected, the lesions were different from those encountered in our studies of Wallerian degeneration (Webster, 1962) and nutritional deprivation (Collins et al., 1964). However, the cardinal features of segmental demyelination were identified in a detailed study of two peripheral nerve biopsies from a patient with metachromatic leucodystrophy (Webster, 1963), a familial, degenerative disease of unknown cause resulting in widespread demyelination in the central nervous system associated with sulfatide accumulation (Brain and Greenfield, 1950; Austin, 1960). Hopefully, presentation of selected, ultrastructural features of normal peripheral nerve and these two pathological processes will clarify some aspects of myelin formation and breakdown in Schwann cells. Several observations on the normal ultrastructure of Schwann cells seem pertinent before considering segmental dernyelination. The perinuclear and paranodal concentration of Schwann cell cytoplasm and its reduction to a thin, cytoplasmic rim around the remaining, internodal myelin are well known, consistent, features of myelinated nerve fiber histology. Mitochondria, endoplasmic reticulum and Golgi membranes are present in Schwann cell cytoplasm along with occasional dense bodies References p. 1711172
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 and lamellar inclusions (Fig. l)*, which may represent mitochondria with highly ordered cristae similar to those described in lizard glia (Gray, 1960). Unfortunately, limitations in preparative techniques have prevented uniform preservation of all these organelles along the entire internode of large, myelinated fibers so that it has not yet been possible to undertake a detailed, critical analysis of their possible submicroscopic relationship to myelin during its formation and maintenance. The ultrastructure of myelin and Schwann cell membranes has been reviewed recently (Robertson, 1962). The myelin sheath is a compact spiral of membrane layers. The outer mesaxon links the Schwann cell surface membrane and the outer layer of compact myelin while the innermost layer of the spiral is continuous with the inner mesaxon and the axon-Schwann cell membrane, which is immediately adjacent to the axolemma. Schwann cell cytoplasm lies between myelin lamellae in SchmidtLantermann clefts and also is present in small pockets surrounded by terminal loops of myelin lamellae at nodes of Ranvier. Although the contour of the myelin sheath is usually smooth and relatively cylindrical, focal variations in contour, consisting of loops and folds indenting the axon or Schwann cell cytoplasm have been described in a serial section study of peripheral nerve (Webster and Spiro, 1960) and are illustrated in rat sciatic nerve during myelination (Fig. 2). An understanding of these variations in contour and their appearance in different planes of section readily explains the apparent presence of two myelinated axons within a single Schwann cell (Fig. 3), an observation that has not yet been documented by serial section study. A single myelin sheath surrounding a group of closely packed, small axons has been observed occasionally in peripheral nerve (Geren, 1956; Robertson, 1960). Fig. 4, although superficially similar to the illustrations of these authors, shows two features that are unique in our experience and have not been described previously. The individual axons are surrounded by Schwann cell cytoplasm and are separated from the cytoplasm (also Schwann cell) containing the myelin sheath by collagen. Whether the cytoplasm shown in this section originates in the same or different Schwann cells remains to be established by further serial section observations. Demyehation
 
 In our study, clinically apparent diphtheritic neuritis began 5-8 days after toxin injection and the first ultrastructural lesions were apparent at the onset of clinical weakness. They included focal alterations in the lamellar pattern of myelin at nodes, incisures, and adjacent to the loops and folds that are normal variations in myelin sheath contour. The myelin sheath became discontinuous and segmented 2-7 days later, as severe weakness developed and progressed. Mitochondria and granular endoplasmic reticulum were prominent at the margins of these myelin segments and ovoids; frequently, membranes separated them from the Schwann cell cytoplasm
 
 * Key to figures. All figures are electron micrographs of osmium tetroxide fixed nerves embedded in epon or araldite and stained with lead (except Fig. 12, which is from an unstained section). Guineapig sciatic nerves are shown in Figs. 1,3-8, 13, and 14; human sural nerve is illustrated in Figs. 9-12 and 15, and fig. 2 is of rat sciatic nerve, 48 h after birth.
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 Fig. 1. Cross section, normal myelinated fiber. The myelin sheath, with its alternate dense and less dense lines arranged in a compact spiral, is continuous with the outer and inner mesaxons. To the left, the Schwann cell cytoplasm contains an irregular, partially membrane limited body made up of lamellae with the same period (approximately 125 A) as the adjacent myelin. Dense bodies of varying size are also apparent, x 56,000. References p. 171/172
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 Fig. 2. Cross section, normal Schwann cells during myelination. A circular myelin sheath, granular endoplasmic reticulum, and Golgi membranes are present in the Schwann cell a t the top of the figure. Lamellae of a long myelin loop in the lower Schwann cell surround axoplasm (lower arrow) and pockets of Schwann cell cytoplasm (upper arrow), x 32,000.
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 Fig. 3. Cross section, normal Schwann cell. To the left of the nucleus, there is a myelin oval containing axoplasni which is continuous on serial section with the main portion of the myelin sheath and axon shown on the right, x 43,500.
 
 References p . 1711172
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 Fig. 4. Cross section,. normal Schwann cell. The lower left portion of the Schwann cell shown in the insert is illustrated at higher magnification to demonstrate the external and internal mesaxons (arrows). The Schwann cell basement membranes (BM) adjacent to the Schwann cell and axon surface membranes as well as the collagen (C) separating the Schwann cell cytoplasm containing the myelin sheath and that surrounding the unmyelinated axons, alth					    
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