THE MISSING PIECES

AN INAUGURAL LECTURE

Delivered at the University on 3rd December 1968

by

G. A. KERKUT M.A., Ph.D., Sc.D., F.LBiol. 

Professor of Physiology and Biochemistry
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THE Department of Physiology and Biochemistry at this University now has over 150 Honours undergraduates, 47 postgraduates and 16 members of staff. The topics that it teaches range from biochemistry through physiology and pharmacology and nutrition to include most aspects of the experimental studies on living systems.

When I came to Southampton University in 1954 there was no Department of Physiology and Biochemistry. I came to assist Kenneth Munday in teaching Physiology and Biochemistry as a subsidiary subject to Science students. At that time we taught the whole of the subject between the two of us - and of course there was less known about the subject in those days. I found in Kenneth Munday a kindred spirit and I should like to pay a special tribute to him. His energy, enthusiasm and wisdom have stood up to the manifold tests of these intervening years and were essential during the struggle to set up an Honours course in Physiology and Biochemistry.

The early 195os were a time when the Government thought that the universities were a "good thing" and the Government encouraged the growth and development of universities. At that time Southampton University was more parochial than it is nowadays and when we explained to our elders and betters that we would like to take Honours students to study physiology and biochemistry we were warned that any undertaking would demand a considerable amount of work and effort and that we two young men could easily burn ourselves out in the process and have nothing left over for our old age.

An outside expert was brought from London and he stated with considerable force and vigour that there was no future in physiology and biochemistry and no scope for graduates in that subject. Things seemed very black in 1956. Still, advice like youth, is wasted on the young. We were very lucky in obtaining considerable help and encouragement from the then Professor of Chemistry, Professor N.K. Adam. Professor Adam had been a student at Cambridge and had known such leading physiologists and biochemists as Keith Lucas, Barcroft, Adrian, Roughton and Gowland Hopkins. Professor Adam had specialised in the study of surface chemistry and he appreciated the problems of the organised chemistry of biochemistry. He also realised the potentialities of physiology and biochemistry as an undergraduate discipline and he took us under his wing. He was very skilled in the art of academic manoeuvring and by fair means and academic he enabled us to start a department with an intake of four Honours students.

My purpose in telling you this is that it demonstrates something that was not missing. The encouragement given to us by Professor Adam was of very great value and without it I am not sure that we would have been able to battle ahead. It is surprising how rare encouragement is. There seems to be something in the development of the critical faculty that enables the critic to evaluate, destroy and inhibit, but hardly ever to encourage. In our case, then, encouragement was not one of the missing pieces.

In this lecture, I should like to take as the unifying theme, that of "The Missing Pieces". In the example I have just given, the piece "Encouragement" was not missing. But in many cases the essential pieces are missing.

The analogy is to a jigsaw puzzle where there are many pieces that fit together to make up the picture. Others are lying loose on the table. The problem is to choose from the loose pieces and find the ones that fit; not all the loose pieces are equal. Only a few will fit the spaces at any one time and one must recognise and select these. To some extent the selection will depend on our recognition of the initial picture and the gradual addition of pieces will add to the details of the picture. On the other hand, the addition of correct pieces may lead to a re-interpretation of the picture, and what may at one time appear to be an incomplete picture of, say, "The Green Giant" by Andy Warhol, may, by the addition of more pieces, be revealed as a "Golden Madonna" by Duccio. Of course the real problems that face us in life are more complex. The analogy would be to have many jigsaw puzzles all mixed and with no initial pictures to guide us. The analogy can be continued. In many educational systems the lecturer will point to the incomplete picture and indicate the significance of the known pieces. Unfortunately, this can be an end in itself and some academic minds revel in the beauty and sheer number of the pieces themselves, without any consideration of their full significance. One can have a lecture filling the golden hour with a thousand sacred (scientific) facts in much the same way the lecturer in medieval times would extol, say, on the number and names of the angels that could sit on the point of a pin - "Gabriel – Michael – Raphael - Phanuel". Part of our job at universities is to act as custodians of knowledge, but in addition to this we must understand the present and explore the future. Factual information is a part, but only a part, of this, and too often the factual information is instilled at the expense of a more valuable piece, that of imagination. Imagination is often the missing piece in the educational system and as a result a sharp cutting edge is missing from the intellect and one cannot cut through the pseudo-factual roughage of modern data. To some extent the science fiction writers do more to help in developing the imagination

than do university lecturers, though some caution is required since what one wants is a controlled imagination, not an uncontrolled fantasy life that interrupts normal scientific study. A controlled yet vivid imagination is a very valuable asset to a scientist, especially if it can be coupled with the ability to select from the ideas and put them into effective practice.

So far I have mentioned two pieces, Encouragement and Imagination, that are often missing. I should now like to consider some specific examples of missing pieces. What I intend to do is to take selected features from some of the work that has developed in the Department of Physiology and Biochemistry at Southampton over the past decade and try to show how one realises what the gaps are in modern knowledge and how one sets about trying to find and arrange the missing pieces. Work has been done in conjunction with many colleagues and if I do not mention them all individually by name, please do not think that they are missing pieces.

Choice of Field of Work

The interest of this group has been the study and the function of the central nervous system. The main problem would be to understand the workings of the brain of man himself, but this is a very complex problem. Man has the most sophisticated of all known nervous systems and though the human brain is the goal to which we may strive in the end, the study of the human nervous system, or even of the mammalian nervous system, may not be the best path towards this understanding.

The difficulty with the vertebrate nervous system lies in its complexity. If we just consider the cerebral cortex of man himself, there are over 1010 neurones in the cortex and at least ten times as many glial cells present there too. The cells are tucked away deep in the brain and the whole system is surrounded by a bony protecting box, the skull. These features make the experimental analysis of the mammalian and vertebrate systems very difficult. The system is not so complex as to defy any investigation but in my opinion there are other systems that are easier to study, where one can pose simple questions and obtain unequivocal answers.

The invertebrate nervous system, that is the nervous system of animals such as insects, snails, crabs and leeches, is much more easy to investigate than is that of the vertebrate. Table 1 shows a comparison of the two systems and whilst the vertebrate central nervous system is very complex and surrounded by bone with the neurones, which are very small and extremely numerous, lying deep inside the tissues, the invertebrate central nervous system is relatively simple; there is no bone around it so therefore it is easy to reach for experimental purposes. 

TABLE I.   Comparison between Invertebrate and Vertebrate Central Nervous System

    Vertebrate CNS
                    Invertebrate CNS 

  Very Complex                        Complex-> -->Simple 

  Surrounded by bone                  No bone

  Cells lie deep inside               Cells superficial 

  Small cells                         Large cells 

  1010 nerve cells                     106 nerve cells

The cells are very large and lie on the surface of the brain and so are easy to penetrate with a microelectrode. Some of the cells are up to 1 mm, in diameter, whereas the largest of the vertebrate cells are only 0.05 mm. Furthermore, the invertebrate brain has fewer nerve cells and these are often specific in position so that one can, in a series of investigations, come back to the same cell time after time, whereas in the vertebrates and mammals it is almost impossible to achieve this. Invertebrates, such as snails, insects and leeches, are therefore the animals of my choice and my reason for choosing them is that I think that their brains will enable one to study the fundamental properties of the central nervous system more easily. In general, what is true for the nervous system of these simple brains is also true for the nervous system of more complicated animals such as ourselves. The difference would appear to be one of quantity giving rise to apparent changes of quality. Now let us look and see if we can find some pieces to fit in to our study of the general picture of the organisation of the nervous system.

Statement 1. All nerves have the same internal ionic composition. Drugs 

             such as acetylcholine can stimulate and/or inhibit a nerve cell 

One problem has been the ionic composition of nerve cells. If one analyses the cytoplasm of a nerve cell one finds that inside the nerve cells there is a high concentration of potassium ions, a low concentration of sodium ions and a low concentration of chloride ions. Outside the nerve cell in the serum or plasma there is a low concentration of potassium ions, a high concentration of sodium ions and a high concentration of chloride ions. The electrical activity of a nerve cell depends upon this difference in ionic composition between the inside and outside of the nerve. It is usually stated, fairly dogmatically, that all nerves have approximately the same ionic composition and the same difference between the concentration of ions inside and outside. This then is a piece that is firmly fixed in the puzzle.

When a drug is applied to the vertebrate nervous system it can either stimulate the nerves or inhibit them. This has puzzled pharmacologists and neurophysiologists for some years. Why should the same drug being applied to approximately the same region of the nervous system sometimes have one effect and sometimes have the opposite effect? By using the snail preparations it is possible to go, not merely to the same part of the nervous system each time, but to the same individual cell and by the use of such simple preparations it has been found that whilst some known cells are excited by acetylcholine, other cells are always inhibited by acetylcholine and this is constant for the given type of cell; provided one goes back to the same cell each time one can predict whether the drug will excite or inhibit. So the invertebrate preparations have given us the first simplification. We now have to answer the second point - why is it that some cells are inhibited and other cells are excited? The answer to that was suggested to us by Professor Oomura from Kanazawa in Japan. He suggested that there might be a difference in the ionic composition of these two types of cells. In particular, there might be a difference in the chloride ion composition of these two cells. My colleague, Dr. Robert Meech, and I developed a special glass electrode whose tip was blocked with silver-silver chloride. These electrodes were sensitive to chloride ion concentration and developed a potential that was proportional to the chloride ion concentration. It was possible to insert these electrodes into the large snail neurones and then apply acetylcholine to see what happened. We found that the neurones that were excited by acetylcholine had a chloride composition of 27.5 ± 1.5 mM, whilst those neurones that were inhibited by acetylcholine had a much lower chloride level of 8.7 ± 0.4 mM. The addition of acetylcholine to the cell made the cell membrane permeable to chloride ions and the concentration gradient of the chloride ions differed in the two types of cells so that in one cell it tended to excite, whereas in the other cell it tended to inhibit.

So the above investigation provided us with two missing pieces. It established that a given drug does not necessarily both excite and inhibit the one nerve cell but that it excites some known nerve cells and inhibits other known nerve cells. The difference in activity is explicable in terms of differences in ionic (chloride) composition.

Statement 2.
Acetylcholine is the chemical transmitter at the synapses in                                                    the central nervous system

When a nerve cell is stimulated a wave of depolarisation called the action potential rapidly spreads over the nerve and transmits excitation along the nerve axon. The action potential stops at the synapse - the gap between one nerve cell and the other. A chemical is liberated and diffuses across the synapse, stimulating the second nerve and setting up an action potential which then travels rapidly along the axon to the next synapse. Transmission at the synapse is by chemical means. Until recently, only two such chemicals, acetylcholine and adrenaline, were known. If we consider the vertebrate cerebral nervous system we do not know the chemical transmitter from the sensory nerve to the motor neurone or the nature of the inhibitory transmitter on to the motor neurone. We do know that they are neither acetylcholine nor adrenaline. How can we find out what these chemicals are? It is very difficult to carry out these investigations on the vertebrate central nervous system since the synapses in the central nervous system are tucked deep inside the cord and are fairly inaccessible. Nevertheless, these transmitters were missing pieces and we wished to find a method of locating them.

The method chosen was as follows. It is easiest to find the transmitter at a nerve-muscle junction because one can stimulate the nerve, wash the neuromuscular junction with Ringer solution and see if one can detect any new chemicals appearing in the muscle perfusate. My colleagues and I chose animals in which we knew that the chemical transmitter at the nerve-muscle junction was neither acetylcholine nor adrenaline. The animals we chose were invertebrates such as the snail, the insect and the crab. We set up a preparation where we could stimulate the nerve and perfuse the muscle, and we found that when the nerve was stimulated and the muscle contracted a substance appeared in the muscle perfusate. This substance gave a positive reaction with ninhydrin and so we called it a ninhydrin-positive substance. The amount of nynhydrin-positive substance that appeared was proportional to the number of stimuli we gave the nerve. The more we stimulated the nerve over the physiological range the more ninhydrin positive material appeared. By using thin-layer chromatography we found that the ninhydrin-positive substance had the same Rf as glutamate. We also found that glutamate, when added to the muscles of these animals, made the muscles contract. Professor and Mrs. Takeuchi have shown that the neuromuscular junction in the crustacea was particularly sensitive to the addition of glutamate, and it had been postulated for some years that simple amino acids such as glutamate could possibly be transmitters, but the weight of general opinion was against this and there was no direct evidence that glutamate was liberated on stimulation. There seemed to be far too much glutamate present in the mammalian central nervous system for it to be a transmitter. Furthermore, it was a very simple chemical and not obviously mysterious or esoteric. The fact that glutamate could be detected coming from a neuromuscular junction, however, made the system slightly more respectable and further consideration of the mammalian central nervous system indicated that there was not a great deal of glutamate present in the extracellular fluid; in fact most of the glutamate was tucked up inside neurones. It therefore appeared very likely that glutamate could be the excitatory synaptic transmitter in certain mammalian central nervous systems. Glutamate is certainly the excitatory transmitter in crustacean, insect and mollusc neuromuscular junctions. More recently, there is new evidence that another simple compound, glycine, is the inhibitory transmitter at the vertebrate central nervous system synapse. Another amino acid, gamma aminobutyric acid, is the inhibitory transmitter at the crustacean and the insect inhibitory nerve-muscle junction. Gamma aminobutyric acid is also an inhibitory transmitter in the mammalian cerebellum.

We thus have some of the missing pieces, the synaptic transmitters, fitted into the picture. There is now good evidence that amino acids can be synaptic transmitters. The work on transmitters also strengthened the view that what is generally true for one nervous system can also be generally true for another, i.e. that invertebrate studies can help in our understanding of the mammalian central nervous system, and the invertebrate preparations allowed the investigators to discover the transmitter (glutamate or gamma aminobutyric acid) being released from the junction.

Statement 3.
The sodium potassium pump is electro-neutral
Let us consider a third series of missing pieces. As previously mentioned, there is a difference between the internal and external ionic composition across the nerve-cell membrane. In particular there is a high internal concentration of potassium ions and a low internal concentration of sodium ions. This ionic difference is due to a system in the nerve membrane that pumps the sodium out and potassium in, and it is called a sodium-potassium pump. When this pump is stopped, the ions are no longer pumped out. However, there is still a resting electrical potential of some 70-9o mV between the inside and outside of the nerve membrane. If the pump is stopped by the action of cyanide or dinitrophenol there is no apparent change in the membrane potential and therefore the sodium-potassium pump was considered to be an electro-neutral pump. The pump itself did not directly contribute to the membrane potential.

It has been suggested for some years that the sodium-potassium pump could, under certain circumstances, generate a potential itself and when the pump worked it could develop a potential across the nerve membrane and that possibly part of the membrane potential of nerves and muscles could be due to this metabolically active pump. However, most of the experiments that had been designed to investigate this electrogenic sodium pump either showed a very small change (5 mV) when the pump was stopped or else required a long time (up to 12 or 18 hours) before they could show any effect. Dr. Roger Thomas, working on snail neurones, found that when sodium ions were allowed to diffuse rapidly into a snail neurone, there was a marked increase in the membrane potential.

The increase in membrane potential was 20 mV in three minutes, and so was very rapid. We thought that this could be due to the increase in sodium concentration inside the cell and the increased activity in pumping the sodium out of the cell. When the pump was active it led to a big change (20 mV) in the cell. We were able to confirm this by adding the drug ouabain to the cell and found that there was an immediate drop back in the membrane potential towards its initial level. Ouabain inhibits the sodium-potassium pump and when the pump was inhibited the potential rapidly diminished. This experiment therefore provided reasonable experimental evidence for the existence of the electrogenic sodium pump. The electrogenic sodium pump has been found in many other neurones: in some neurones in a related animal, Aplysia, the electrogenic pump can contribute up to 6o per cent of the membrane potential. The electrogenic pump activity has also been demonstrated in neurones in the mammalian central nervous system. Thus we have a new piece which shows how the metabolic activity of the cell membrane, through its electrogenic pump, can directly contribute to the membrane potential of the nerve cell and in this way affect the electrical activity of the cell.

The mechanism of postsynaptic action is to alter the membrane permeability of the cell rapidly for a short period of time, say up to 1 msec.; this is the classical interpretation of synaptic transmission. However, a group of nerve cells in snails, in Aplysia and in frogs have been discovered where the action of the transmitter is to stimulate the electrogenic sodium pump in the membrane and this alters the membrane potential of the second cell. This effect can last for a much longer time (up to 20 seconds) than the classical synaptic transmission effect. This is exciting, because one of the major problems in understanding the functioning of the central nervous system has been the manner in which events lasting for long periods of time can be stored in the nervous system. Although one can explain much in terms of simple synaptic delay and transmission along axons, it is necessary to postulate other mechanisms for delays longer than a few milliseconds. Thus, it is fairly easy for us to remember things for seconds after they have stopped. It is possible that the chemical transmitters stimulating the metabolic activity, and hence the electrogenic sodium pump, could be part of the answer towards our understanding of the medium- and long-term timed events in the central nervous system. The electrogenic sodium pump can also be affected by drugs and this too gives us a new method of interpreting the mechanism of action of drugs on the brain.

Statement 4.
The main method of communication between a nerve and a muscle is by means of electrical stimulation
The fourth missing piece concerns the relationship between the nerve cell and the muscle cell. As mentioned, when the nerve cell is stimulated, the action potential passes down the axon, reaches the muscle, and acetylcholine or some other transmitter is released and the muscle contracts. That is not the whole story, however. If one considers the muscles of the body, one finds that some muscles contract quickly, whereas other muscles contract slowly. If the nerve that goes to a fast muscle is cut and the nerve is joined on to a slow muscle, after some time the nerve may innervate the muscle and the properties of the muscle change so that that muscle becomes faster in its contraction speed. Similarly, if a slow nerve is connected to a fast muscle it may innervate the fast muscle and slow the muscle down. The problem is, how does the nerve affect the muscle? A second phenomenon is seen when we cut a nerve going to a muscle. Within a few hours the nerve cell body changes its physical appearance and a process of chemical change takes place around the nucleus of the nerve cell. Later on, the muscle tends to degenerate and shrink. There is, therefore, some type of communication between the nerve cell and the muscle cell that is not yet fully understood and the problem has been to discover a method of investigating this system. Using the simple invertebrate preparation of the isolated snail brain, we were able to set up an intact brain nerve trunk-muscle preparation that remained alive for up to 72 hours. It was possible to place a barrier of lanolin between the brain and the muscle with the nerve trunks running through this lanolin barrier. We placed the radioactive glutamate solution on the brain and left the brain to incubate for several hours in this. We then stimulated the brain and perfused the muscle and found that radioactive glutamate was liberated into the muscle compartment. The amount of radioactive material released was proportional to the number of stimuli. This experiment agreed very well with our previous investigations concerning glutamate as a transmitter. What was particularly interesting was that the brain was able to take up the material and this was then sent down along the nerve trunks to the muscle. By incubating the brain and stimulating the brain at once, we were able to find the time taken for the transport of material from the brain to the muscle. Labelled glutamate appeared at the muscle 20 minutes after it had been put on the brain. The distance between the brain and muscle was 1 cm. It therefore took 20 minutes to travel the 1 cm. of nerve trunk. These experiments are fairly difficult to carry out and the main problem is one of leakage of radioactive material from the brain compartment to the muscle compartment. We were quite convinced that there was little or no leakage when we found that if we put labelled glucose on the brain and stimulated, the radioactive material that appeared in the muscle perfusate was not radioactive glucose but instead was radioactive glutamate. Similarly, incubation of the brain in labelled alanine or labelled aspartate led to the liberation of labelled glutamate in the muscle compartment. We were quite worried because the rate of r cm. in 20 minutes is very much faster than any of the rates previously described. The "standard rate" of transport of material along nerve axons is 1 mm. in 24 hours. Miani and his colleagues have found rates of up to 7 cm, in 24 hours, but our rate of 1 cm. in 20 minutes by arithmetic becomes 72 cm, in 24 hours. Recently, however, fast rates of transport have been discovered in other preparations and rates of up to 90 cm. in 24 hours have now been described. The method of using radioactive tracers enables us to study the types of material that are carried along the nerve axon from the cell body to the muscle. We were also able to show that there was a transport of material from the muscle up to the cell body. This rate of flow is very much more slow, l cm. in 18-24 hours. The materials transported are complex peptides and sugars. These investigations provide a method for studying the missing pieces that link the nerve and the muscle. They may allow us to investigate the nature of the chemicals that convert the slow muscle into a fast muscle, or a fast muscle into a slow muscle. They may also help in the study of the function of the chemicals that flow from the muscle up to the nerve cell body and indicate to the nerve cell body that the connection between the nerve and muscle is functional and intact. The study of these missing pieces should provide the basis to understand such diseases as muscular dystrophy and multiple sclerosis.

Statement 5.
The analysis of the electrical activity of the brain is the key to the problem of memory

The final missing piece that I wish to discuss is that of the longer term changes in the nervous system, namely that of memory, or learning. Although man is one of the best animals at learning, he is not necessarily the best animal for this investigation. What we required was a fairly simple system with few identifiable neurones, which could also learn. Recently, the American workers Mel Cohen and Jon Jacklett published a map of the location of cells in the third thoracic ganglion of the cockroach. The insect central nervous system had been very difficult experimental material, partly due to the previous lack of such a map, and partly due to the fact that the insect nerve cells appeared to be very silent when penetrated by microelectrodes. The electrophysiologists were thus unable to obtain any insight into the functioning of the insect neurones due to this electrical silence of the cell bodies. Work in our laboratory by Dr. Robert Pitman has now shown that this silence was due mainly to technical problems and we were able to insert electrodes into selected neurones in the cockroach central nervous system and obtain good electrical activity lasting for several hours, as well as synaptic activity from these systems. Workers in France and in the United States have obtained similar results. The insect central nervous system thus appeared to be a favourable experimental preparation. Horridge and his co-workers in St. Andrews showed that it was possible to train a headless cockroach to keep its leg out of a solution. They linked two cockroaches in such a way that cockroach No. 1 received a shock whenever it put its leg in a solution whilst cockroach No. 2 got a shock every time cockroach 1 got a shock. Cockroach 1 rapidly learnt to keep its leg out of the solution whereas cockroach 2 did not learn to keep its leg out of the solution since it received the shocks regardless of the position of its own leg. We have been investigating this problem and have found that if one injects prostigmine, pemoline, amphetamine or edrophonium into the cockroaches they learn to keep their legs out of the solution much more rapidly than similar cockroaches that were not so injected. A dose-response curve can be produced showing that over a certain range there is an increase in the speed of learning with an increase in the amount of drug injected. Similarly, we have been able to show that an injection of cycloheximide, chloramphenicol or Congo Red into cockroaches prevented them from learning. These experiments have been repeated many times and give consistent results. We have also been able to show that cockroaches that learned have a much higher incorporation rate (up to 40 per cent greater) of radioactive uridine into their ganglia RNA than the control cockroaches given an equal number of shocks. The latter animals did not learn. The injection of drugs such as Congo Red inhibits the learning by the cockroach and also considerably reduces the incorporation rate of tritiated uridine. Injection of prostigmine increases the rate of learning and also increases the incorporation rate of tritiated uridine. It is also possible by means of autoradiography to locate which specific cells are responsible for raising the leg out of the solution and which cells have the highest incorporation rate of tritiated uridine. We have certain pieces that are fitting into place.

1.
We can cause learning to take place within a single invertebrate ganglion of some 104 nerve cells.

2.
The rate of learning within these cells can be increased or decreased by selective drug treatment.

3.
The "learnt" ganglion has a higher incorporation rate of uridine than does the control ganglia.

4,
The "learnt" ganglion has a higher rate of synthesis of RNA and certain proteins than does the control ganglion.

5. One can locate the twenty or so nerve cells within the ganglia that are mainly involved in the learning process and study the RNA synthesis and protein synthesis in these cells together with the alterations in the electrical activity within the cell and at the synaptic junctions.

The preparation thus allows both a neurochemical and an electrophysiological investigation of a type of learning phenomenon. It may in time provide some of the missing pieces between the synthesis of nucleic acids and the learning process.

In summary, this lecture has been concerned with the missing pieces of our knowledge and understanding of the central nervous system. The list below shows the old view and then the missing piece supplied. In some cases they add new data, in other cases they alter the view previously held to indicate a new one.

The Missing Pieces

The classical view is shown in standard print.

The NEW VIEW is shown printed in italics and indicates a piece that was missing but which now is in place.

1.
All nerves have the same internal ionic composition.

The ionic composition of nerve cells can differ significantly and this can reflect their response to drug action.

2.
All nerve cells respond to a given drug.

Only specified nerve cells respond to a given drug. One must each time work on a known, identified nerve cell body in order to obtain a repeatable response to an applied drug.

3.
The sodium pump and metabolic activity of nerve cells do not contribute to the membrane potential.

The sodium pump and metabolic activity can contribute directly to the membrane potential.

4.
Drugs act by altering the membrane permeability for a short time (milliseconds) to ions.

Drugs can also act by affecting the electrogenic sodium pump and hence the metabolism of the cell. This can affect the nerve cell for a longer time (seconds minutes).

5.
Amino acids such as glutamate cannot act as neuro-transmitters. 

Glutamate is certainly the transmitter at some nerve-muscle junctions and is probably the transmitter at some synapses in the central nervous system. Gamma aminobutyric acid and glycine can also act as transmitters.

6.
Material is carried from the nerve cell body along the axon to the muscle at the slow rate of 1 mm./24 hours.

Materials can be carried from the cell body along the axon at varying rates of up to 72 cm./24 hours.

7
There is no evidence that material is carried from the muscle to the nerve cell body.

Material is carried from the muscle region to the central nervous system at the rate of 1 cm./24 hours.

These materials carried along the axon may carry the trophic factors responsible for the maintenance and control of nerve-nerve and nerve-muscle activity.

What can be said of the future? It is fairly clear that over the next decade we will have a greater understanding of the physical and chemical nature of memory systems in the brain. It may even be possible to have greater control over the ability to recollect or set up memory systems. Another missing piece that seems likely to fall into place is that of sleep. No other phenomenon occurs so regularly and is yet so little understood. One view that is gradually gaining more acceptance is that sleep can best be understood in terms of accumulation of specific chemicals in localised regions of the brain and that these chemicals are rhythmically accumulated and broken down. A study of these chemical systems will do much to help us understand the physical nature of sleep. A third new field where valuable missing pieces will be obtained is in the relationship between neurochemistry and personality. We know that changes in the brain amines can produce behavioural changes. As yet the subject is still in its infancy, but one would hope that new drugs will be discovered that could reduce human aggression but still maintain human drive and ingenuity.

It is certain that in the next decade a new series of pieces will be fitted into the gaps of our present-day knowledge concerning the organisation of the brain, and I would hope that perhaps we shall be fortunate in helping to arrange and fit some of these new missing pieces.
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