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LOUIS SOKOLOFF

Interviewed by Thomas A. Ban

San Juan, Puerto Rico, December 8, 2003

TB:
This will be an interview with Dr. Louis Sokoloff( for the Archives of the American College of Neuropsychopharmacology. We are at the annual meeting of the College in San Juan. It is December 8, 2003. I am Thomas Ban. I think we should start from the beginning. Please tell us where and when you were born, something about your education and so on.

LS:
I was born in 1921 in Philadelphia, one of two sons of immigrant parents. We grew up in the 1920s and 1930s. It was the great depression, a very bad period. My father was a working man, and there was always a problem of finding a job. It was also a time of intensive union organization and there were frequent strikes during which he could not work. The depression years were very formative in establishing my attitudes and viewpoints. I think that its impact on me probably made me a liberal for life. We didn’t have money for fun, and so I spent much of my time in reading. The public library system in Philadelphia was quite good, and I used it constantly to take out books.

My brother was six years older than I, and he had a big impact on my interests. He was academically inclined and had always wanted to be a physician, but we did not know if we would ever be able to afford the tuition for higher education. When he graduated high school in 1933, however, he won a scholarship to the University of Pennsylvania. While there he majored in zoology, and probably because of that I also developed an interest. My brother lived at home during his college years and had all his textbooks there. I would read them and learned a pretty fair amount of zoology before I even got to college myself.

The depression did have some beneficial effects on our educational system. The faculties in the Philadelphia public high school system were excellent, because many of the teachers had previously been on university faculties. Many universities, the University of Pennsylvania included, were closing down departments to save money, and so there were former faculty members who needed jobs. Some of them might have chosen to transfer from the universities because of higher salaries in the Philadelphia high schools. Therefore a number of the teachers, perhaps as many as half in my high school, were PhDs. They were excellent and very stimulating teachers. I knew that I would be unable to afford to go to college unless I also got a scholarship. Fortunately, I managed to do so by graduating first in my class in high school. At that time the person who graduated first was granted a four-year scholarship to the University of Pennsylvania.

TB:
When did you start college? 

LS:
In September 1939, just a couple of weeks after World War II had begun in Europe. I began my studies at the University of Pennsylvania with the intention of majoring in zoology. The College of Arts and Science in the University had a liberal arts and sciences program in which the first two years were largely defined or prescribed. As I remember, the requirements included three semesters of English composition, one each on the history of the English language and English literature, and also choices of courses in the physical and social sciences. Majors were chosen at the end of the second year. In my first year the science courses I chose were General Zoology and General Inorganic Chemistry, and in my second year Qualitative and Quantitative Analytic Chemistry and Organic Chemistry. I found that I really liked chemistry, but my heart was still set on biology. Penn at that time had separate departments of Botany and Zoology, and although I was mainly interested in animal biology I also took a couple of courses in botany.

When the time came for me to choose a major, my brother, who by then had had six years of  experience, advised me and convinced the family I should not major in zoology. Because we were still in a time of depression, he thought I should choose chemistry rather than zoology as my major because there were few jobs for zoologists but greater employment opportunities for chemists. At that time the Atlantic Refining Company and Sunoco Oil Company were located in Philadelphia, and these oil companies were still occasionally hiring chemists. I stubbornly resisted his advice, but compromised by choosing zoology as my major but also taking as electives all the courses required of chemistry majors.

By my third year, the United States was also in the war. Although I was eligible for the military draft, I was granted a deferment because I was a potential medical student, and premedical and medical students were being deferred. It was during this school year that I took a mixed graduate-undergraduate course called General Physiology, but it was really cell biology. This course was taught by an outstanding cell biologist, Louis Victor Heilbrunn XE "Heilbrunn, Louis Victor" . He was to my knowledge the first, certainly the most vociferous one, to propose a key role for calcium in a variety of physiological and cellular processes, such as blood clotting, muscle contraction, regulation of protoplasmic viscosity in cells, membrane integrity and permeability, and cellular excitability. He argued that excitation in cells was associated with increased intracellular free ionic calcium concentrations derived from increased membrane transport and/or release from bound stores. Much of this is now accepted as true, but he was ahead of his time and considered by many to be obsessed with calcium.

This was a two-semester course with both laboratory work and lectures. In the first half of each semester we had assigned laboratory experiments, essentially exercises, we had to do, and then in the second half of the semesters we were required to carry out an original research project. My research project in the first semester was to determine if the flow of protoplasm in the pseudopod of the amoeba obeyed Poiseuille’s Law. I found that it did not. In the second semester my research project, mutually agreed upon by Heilbrunn, XE "Heilbrunn, Louis Victor"  Dan Harris, XE "Harris, Daniel"  one his senior graduate students and teaching assistants, and myself, was to fractionate cells into their subcellular components and identify enzymes localized in each of the fractions. For a variety of reasons, mainly because the project was part of a teaching course and not supported by any research grant, we had to choose a cell type that was cheap, readily available, and relatively pure. We chose the frog egg because it met all of the above criteria. By using differential centrifugation we separated from the homogenized cells cytosol (called plasmasol at that time), pigment granules, lipid fraction and yolk. We found lipases in the lipid fraction and dipeptidases in the cytosol. I don’t recall what enzymes we looked for and found in the yolk. This was in 1942, a couple of years before Schneider and Hogeboom reported their fractionation of cells into much more interesting subcellular components, for example, mitochondria, microsomes, and cytosol. I guess you can say we missed the boat, but the project certainly stimulated my interests in biochemical and biophysical aspects of cell biology.

This experience led me to enroll during my last year in an elective course called Undergraduate Research in Zoology, which allowed me to carry out further research under Heilbrunn. Because the United States was at war, Heilbrunn XE "Heilbrunn, Louis Victor"  had switched his research activities to a defense-related project supported by an army grant. This project was to study the effects of heat on tissues. The army was interested in this research because of the numerous heat-related casualties the British 8th Army in North Africa was suffering. Heilbrunn XE "Heilbrunn, Louis Victor" ’s entire staff, postdoctoral fellows and graduate and undergraduate students were all working on various aspects of the effects of heat on tissues. My assignment was to use the rat sciatic nerve/gastrocnemius preparation, to determine the relative sensitivities of nerve and muscle to heat. The preparation was dissected out, and either the nerve or the muscle was submersed in Ringer’s solution at 42˚C. The nerve and muscle were alternately stimulated electrically, and the muscle contractions were detected by means of a mechanical lever and smoked drum. The stimulations were continued until muscle contractions ceased, and the time for this to occur was recorded. We found that the nerve was quite resistant and could be heated for some time before it failed to transmit the stimulation signal to the muscle. In contrast, when the muscle was in the heated bath, muscle contraction elicited by nerve stimulation was rapidly lost but was maintained considerably longer in response to direct muscle stimulation. This indicated that the myoneural junction was the most vulnerable component of the preparation to heat.

Heilbrunn XE "Heilbrunn, Louis Victor"  considered this observation sufficiently interesting to merit publication. I began to work on a manuscript at a desk located in an office I shared with Paul LeFevre, XE "LeFevre, Paul"  who was then a graduate student of Heilbrunn’s and later became well known for his work on red cell permeability. One day, as I was working on the manuscript, he told me that he had run across a paper that might interest me. Indeed, it did. It was a chapter written in French in 1870 by Claude Bernard XE "Bernard, Claude"  in a book, Dictionnaire de Physiologie, edited by Charles Richet. Claude Bernard had carried out almost the identical experiments that we had, except that he used oil instead of Ringer’s solution, and he obtained the same results and drew the same conclusions as we did. I guess the culture of science was somewhat different then from today; it was a time when quality of publications rather than their number was what counted. Even though Bernard XE "Bernard, Claude"  had done the work and published it more than 70 years previously, Heilbrunn XE "Heilbrunn, Louis Victor"  acknowledged that we had been scooped and decided not to publish our results because someone else had already published the same findings and conclusions.

Because of my experience in Heilbrunn’s laboratory, I became so fascinated with laboratory research that I asked him if he would accept me as a graduate student to work for a PhD in zoology. He said he would be willing to accept me but advised me not to do that. His reason was that because of the war he was having trouble keeping his graduate students from the military draft. He advised me instead to go to medical school which would allow me to be deferred until I finished. I also remember him saying that he generally did not care much for medical education, but added, “Medical school doesn’t necessarily spoil everybody for scientific research.” He also said, “I’ll write you a strong letter of recommendation, and when I write a letter that strong, the student is always accepted.” He did write such a letter, and I was accepted into medical school at Penn. Because of the war the medical school had adopted an accelerated program, and therefore my classes began at an odd time in March 1943. The accelerated program was designed to complete the four-year curriculum in three years to speed up the supply of physicians to meet the needs of the armed forces. The acceleration was achieved by having the courses immediately follow one another with no breaks or vacations.

TB:
You started medical school in 1943.

LS:
Our first course was anatomy, and it made me think of quitting medical school. The atmosphere and my experience was enormously different from what I had enjoyed so much while working in Heilbrunn XE "Heilbrunn, Louis Victor" ’s lab. There we had been treated with respect as though we were mature scholars, whereas in the anatomy classes we were treated like kindergarten children. Everything was presented as an absolute fact to be accepted and memorized. There were no dynamic processes to be analyzed and no room for questioning or argument. Because of the war I stuck it out, and subsequent courses in the first year turned out to be more interesting. They included physiology and biochemistry, both of which I enjoyed very much, as I also did pharmacology which followed.

About three months after starting my first year the military took over the medical school. We were given the choice of joining either the army or the navy, provided of course we could pass their physical examinations. We had the option of not joining either, and anyone who chose not to would be deferred from the draft until graduation. However, we were encouraged to join because the military would  pay all the tuition and provide the necessary textbooks and equipment, while those not joining had to cover these expenses themselves. The tuition fee alone was $400 per year which does not seem very much today, but it was a great deal at that time. My family’s resources had been stretched by the payment for my first year, and I doubt we could have afforded the costs till graduation. Joining the military was, therefore, a great opportunity for me. Because my myopia disqualified me for the navy, I joined the army in July 1943, and went through the remainder of my medical education while a private in the Army Specialized Training Program (ASTP).

All through medical school I found that I enjoyed the basic science courses most. These were physiology, biochemistry and pharmacology. I suppose that I also enjoyed bacteriology and pathology, but not nearly as much. Although I was less interested in the clinical courses, I managed to do all right and graduated second in my class in March 1946.

TB:
What did you do after graduation?

LS:
Immediately following graduation from medical school, the army released me into the inactive reserves. This was a temporary arrangement to allow me to complete an internship and obtain a license to practice medicine, after which they would recall me to active duty as a medical officer. I served my internship at the Philadelphia General Hospital (PGH), which doesn’t exist anymore. It was a city hospital with 2,500 beds. The internship was a rotating one, which the state of Pennsylvania then required for licensing. My first rotation was in psychiatry. Subsequent rotations – not necessarily in this order – were in tuberculosis, obstetrics, gynecology, laboratory medicine, internal medicine, orthopedic surgery, general surgery, neurology, and clinical pathology. Some of these rotations, such as obstetrics, were mandated by the state. Because the internship was also an accelerated program during the war, it was compressed from its normal full year into nine months during which we met all the required rotations.

By that time the war had ended, and it was decided in the midst of my internship to return to one year. In order to return to the normal July 1 to June 30 schedule, my class was given an extra six months, all to be served on a single service. The service to which I was assigned was Psychiatry. The transition from the nine-month to the full year schedule resulted in several months of overlap of a new group of interns with our class, during which the members of our class assumed duties and activities more like those of a resident than an intern. During that period I gained a lot of experience that included insulin coma XE "Insulin coma therapy (ICT)"  and electroshock XE "Electroconvulsive therapy (ECT)"  therapy. It was also a time when many physicians were returning from military service and seeking advanced training in medical specialties supported by the GI Bill of Rights.

PGH had a very active psychiatric program with an almost unlimited supply of patients. It was housed in its own building which contained about 300 beds for inpatients and very active outpatient clinics. Furthermore, it was a teaching hospital with four psychiatric services, each chaired by a faculty member of the various medical schools in Philadelphia. Medical students from those schools served their rotations in psychiatry there. The PGH Division of Psychiatry, headed by John Stouffer, XE "Stouffer, John"  became a training center for physicians returning from the war, and our faculty included, among others, O. Spurgeon English XE "English, O. Spurgeon"  from Temple University, Samuel Hadden XE "Hadden, Samuel"  from the University of Pennsylvania, and a Dr. Schlesinger, whose first name I cannot recall, from Jefferson Medical College. The training program included formal classes, lectures, and clinics, in which interns and residents were allowed to participate. This greatly expanded our learning and experience beyond practical experience in the wards and clinics which was also quite considerable. In addition to outpatient duties each intern was responsible for two wards of approximately forty beds each. The psychiatric services were very active with a large turnover, and we experienced and learned a great deal.

My internship ended in June, 1947, and we were allowed a couple of months to take our state board licensing examinations after which the army recalled us to active duty. I reentered the army as a medical officer in August, 1947, and was assigned to the Medical Field Service School in Fort Sam Houston, Texas, for basic training that included setting up and operating battlefield aid stations and field hospitals. After about a month of training we received permanent assignments. To encourage us to choose careers in the army, they sent a plane-load of brass from Washington to interview us about our preferences for specialty and place of assignment. We were allowed three choices for each. In keeping with my interest in the basic medical sciences, my first choice for specialty was physiology and specifically in the army’s environmental physiology laboratory located at Fort Knox, Tennessee. My second and third choices for specialty were internal medicine and neuropsychiatry. My second and third choices for places of assignment were Europe and California, in that order. In typical army fashion, they gave me none of my top choices and assigned me to Camp Lee, Virginia as Chief of Neuropsychiatry in a 150-bed station hospital. My assignment to neuropsychiatry was undoubtedly due to my previous experience during internship and probably because of the army’s shortage of psychiatrists at that time.

TB:
So this was in some way your third encounter with psychiatry.

LS:
When I reported to Camp Lee, I found that there had not been a psychiatrist there for about six months. Their last one had completed his term of service and been discharged, and the army had been unable to find a replacement. In the interval neuropsychiatry was covered by the medical service which was very happy to see me come. When I arrived, I was given the option of keeping neuropsychiatry within the medical service or restoring it to its previous independent status. I chose to keep it within the medical service so that I could maintain some contact with internal medicine in which I was still interested, particularly metabolic disorders.

Although I did participate in the care of patients in the medical service, most of my time was spent in neuropsychiatry. There were some neurological patients, but these were infrequent in subjects of the age group with which I was dealing. Most of the neurological conditions I saw were acute and most often due to injuries or sub-arachnoid hemorrhages, but I did see one case of a relatively rare and interesting condition, Thomsen’s disease, myotonia congenita. I was also Chief of the so-called Psychiatric Consultation Service which was responsible for evaluating all soldiers considered for court martial and those with behavior problems who were under consideration for discharge due to inability, inaptitude, or undesirable traits of character. Many of the latter fell into the category called at that time “Constitutional Psychopathic Inferior,” and now Sociopathic Personality. Most of my time was spent with psychiatric patients covering the whole range of disorders. These included psychoses such as schizophrenia, but we did not have to treat psychotics. They were rapidly transferred to an army general hospital, usually Walter Reed. Consequently, most of my patients were neurotic. We were responsible for the care not only of the military personnel but also their families. This was fortunate because it gave me the opportunity to acquire experience with a greater variety of conditions and types of patients that included soldiers’ wives and children.

Patients voluntarily coming or referred to me obviously needed help. What kind of help could a psychiatrist give them? Neuropsychopharmacology had not yet evolved. Psychiatry in the US at that time was largely dominated by psychoanalytic thinking. I had never been trained as a psychoanalyst, but I had been extensively exposed to it during my internship and had read a great deal of the psychoanalytic literature. It seemed to me that it offered the best opportunity to provide effective psychotherapy to neurotic patients, so I adopted a sort of a modified or diluted psychoanalytic approach to psychotherapy. Most of my psychiatric patients were outpatients. I usually saw them for an hour twice a week during which they were allowed to freely associate and were interrupted only by an occasional question or comment. One of my patients, the wife of a sergeant, had been referred by the medical clinic. She had been a patient for a long time with a history of a variety of physical complaints, joint pains, headaches, gastrointestinal disturbances, chronic fatigue, etc., but they could never find any physical basis for them. They finally decided that she was a hypochondriac and referred her to me. I met with her twice weekly for an hour each time over a period of about six months. Generally, I would begin each session with the question, “How have you been feeling since I last saw you?” I vividly remember the occasion when, after about six months of psychotherapy, her response to the question was, “Wonderful. I haven’t felt this well in 13 years.” I was flabbergasted. Although I had provided her psychotherapy, I really didn’t have much faith in it. How did it happen? How could having her do most of the talking twice weekly for six months relieve her of all her physical complaints? Being strongly oriented toward the physical sciences and biology, I was sure that it had something to do with physiological or biochemical changes and, most likely, in the brain. To psychoanalysts, I suppose, this didn’t matter.

Leon Eisenberg, XE "Eisenberg, Leon"  a medical school classmate of mine, has since became a prominent psychiatrist and is now at Harvard. You may know him.

TB:
Yes, I do.

LS:
This is a digression, but I believe an amusing one. Several years ago Leon was invited to present a lecture to the Royal Society of Psychiatry. This required a manuscript, and he sent me a draft of it. It was entitled “Mindlessness and Brainlessness in Psychiatry.” In it he compared the state of psychiatry in earlier days, for example when I was in the army practicing psychiatry and it was strongly influenced by psychoanalysis, and its present state. To psychoanalysts the brain was irrelevant. They were concerned only with the mind, whatever it might be and wherever it resided. Today psychiatry is concerned mainly with physical elements within the brain, such as receptors, neurotransmitters, synapses, second messengers, genes, etc. Little thought is devoted to the mind per se.

At any rate, even in those days I had faith that psychiatric disorders, not only those associated with organic brain disease but also the psychoses and neuroses, were diseases of the brain and had a biological basis. Of the functional disorders this seemed to me to be particularly true of schizophrenia XE "Schizophrenia" . I had several clinical experiences that tended to reinforce that belief. When I was at PGH, we saw many catatonic schizophrenics which are relatively rare today. They frequently exhibited signs that suggested abnormal physiology. For example, I remember one catatonic XE "Catatonia"  patient who wouldn’t eat, and we had to feed him by nasogastric tube. We would insert the tube through his nose, and when the tip reached his pharynx, we would squirt a little water through it to stimulate his swallowing reflex. He did not appear to resist, except on one occasion he contracted his nares so firmly that we could hardly move the tube in or out. That indicated extraordinarily strong muscle contractions beyond the range of normal physiological function and suggested that there was some neurophysiological alteration. Therefore, although I used a psychoanalytic approach for the treatment of my psychiatric patients, I always believed in biochemical or biophysical abnormalities in the brain as the cause of mental diseases. As a result of my experiences in psychiatry at PGH and in the army and my long interests in physiology and biochemistry, I began to consider a career in which I might combine those interests in studies of the biology of mental disease, and that to me meant studying the brain.

The required duration of my army service, beginning in August, 1947, was two years, and toward the end of 1948, I began to give serious thought about what I would do when I was discharged in 1949. After my time and experience in neuropsychiatry an obvious choice would have been to serve a psychiatric residency and obtain board certification in psychiatry, and I gave this possibility serious consideration. I still, however, entertained thoughts of getting back to basic research, particularly on the brain. Sometime late in 1948 I ran across a series of papers by Seymour Kety XE "Kety, Seymour"  and Carl Schmidt on the development and use of their nitrous oxide XE "Kety-Schmidt nitrous oxide method"  method for measuring cerebral blood flow XE "Cerebral blood flow:measurement"  and metabolism XE "Cerebral metabolism"  in man. I knew both of them from medical school. My class in medical school was Kety XE "Kety, Seymour" ’s first after he joined Schmidt XE "Schmidt, Carl" ’s Department of Pharmacology. I remembered him as a very kind, considerate, and supportive person and an excellent teacher, not much older than we were. He was about six years older than I was, about the same age as my brother. In fact, Kety XE "Kety, Seymour"  and my brother had attended Penn at the same time.

The nitrous oxide XE "Kety-Schmidt nitrous oxide method"  method measured the rates of the brain’s blood flow, oxygen consumption XE "Oxygen consumption" , glucose utilization XE "Glucose utilization" , and use or production of any other substrates and metabolic products that could be assayed in blood, and it did this in unanesthetized humans. A description of the method and a number of its applications were reported in a series of six papers published in 1948 in a single issue of the Journal of Clinical Investigation. There was another one in the American Journal of Psychiatry on its use in schizophrenics. When I first saw these papers, I was immediately impressed by the potential of this method as a powerful tool with which to study the human brain in health and disease, including psychiatric disorders, and that was something I really wanted to do. I wasn’t entirely sure, however, and did not exclude the possibility of first serving a residency in psychiatry.

TB:
What did you decide?

LS:
My parents were still living in Philadelphia, and so when I was discharged from the army in August 1949, my wife (whom I had married during my internship) and I returned to Philadelphia and lived with them while I was deciding what to do. I did nothing for two weeks, except to think about visiting Kety XE "Kety, Seymour"  at Penn and inquiring about the possibility of working with him. Finally, I screwed up my courage and did so without making any prior appointment. I went directly to the office of the Department of Pharmacology in the Medical School building, where he had been located when I was a student, and asked the secretary if I might be able to see him. She replied, “He’s not here anymore. He’s now in the Department of Physiology and Pharmacology in the Graduate School of Medicine, not in the School of Medicine.” I knew that Penn had a Graduate School of Medicine, but I had never heard of its Department of Physiology and Pharmacology.

I later learned that large numbers of physicians returning from military service were taking advantage of their eligibility for further education supported by the GI Bill of Rights to obtain such education at the Graduate School of Medicine. One of the School’s programs led to a PhD in Medical Sciences, and this program required further education in the basic sciences. The University had therefore established or expanded its basic science departments in the Graduate School of Medicine. There had previously been a small Department of Physiology, but it had expanded into the much larger Department of Physiology and Pharmacology with Julius Comroe XE "Comroe, Julius"  as Chairman and Seymour Kety XE "Kety, Seymour"  as a full professor, both of whom had previously been in Schmidt XE "Schmidt, Carl" ’s Department of Pharmacology in the School of Medicine. The offices of the Department in the Graduate School were in the basement of the Medical School building, and I found my way down to his office where I asked Mrs. Sullivan, the Department’s secretary if I could see Dr. Kety. She told me that he was meeting with someone, but if I was willing to wait, she was sure he would be able to see me. After about a half-hour I was able to meet him. I explained the purpose of my visit, my interest in his work on cerebral blood flow XE "Cerebral blood flow"  and metabolism XE "Cerebral metabolism" , and my desire to work with him. I admitted I was bringing no original research ideas of my own and that my goal was  to learn and work in whatever projects he chose for me. He replied that he remembered me from medical school and would be willing to take a chance on me. He then added something which he later claimed not to remember, but which I do very clearly. It was that he had just been notified his grant had been approved and would be funded, and it included the salary for an unfilled position. The position and its salary, however, were for someone with much more experience than mine. Nevertheless, he was willing to take a chance on me but, in view of my inexperience, at a lower salary. He then added that with the money left over he could appoint another fellow like me. Very practical, I thought. His acceptance of me was conditional, however, on its approval by Dr. Comroe, XE "Comroe, Julius"  the Department Chairman who of course, would  have to interview me. I returned to Mrs. Sullivan to make an appointment and obtained one for two weeks later.

There was an amusing sidelight associated with this interview. While I was standing in the hall waiting to see Kety, Comroe had walked by and, seeing me, asked if I were waiting to see him. At that time I was not yet aware that he was the chairman of the department, and so I said no, I wanted to see Dr. Kety. When I arrived for the interview with him two weeks later, the first thing he said was, “So you thought you could get away without seeing me.” What a way to begin! I thought that was the end, but when I explained to him why I was there, he replied that he also remembered me from medical school and would approve the appointment. He asked what my plans were for the future. I was surprised by the question and replied that I thought my plan was obvious. It was to work for Dr. Kety. He explained that he meant my long range plans. Was I coming with the intention to make a career in physiology, or since I had a medical degree, was I coming to spend a year or so in laboratory research before returning to clinical medicine?

My reply was I didn’t know. I knew only that I always liked basic science, but since I was just about to begin doing research I did not know if I would prove suited for a research career in physiology. His response was that he remembered me from medical school, was confident I would do well in research, and hoped that I would decide to make a career in physiology. I was flattered and pleased to hear that, but then he added, “But not here.” I was surprised and asked what had I said or done wrong for him to have already decided that. He explained there were between 20 and 30 members of the Department, but only three of them were on university salaries: himself, Seymour Kety, XE "Kety, Seymour"  and Mrs. Sullivan. “I am 38 years old and in good health and not planning to leave,” he continued, “Kety is 35 years old, and as far as I know, also in good health and not planning to leave, so you cannot replace either of us. And as for Mrs. Sullivan, the secretary, I don’t think you could do her job.” He then added, “You are coming here to help us do our research. In return we will teach you how to do research. If and when you learn enough to be able to do your own research, we’ll help you find a place to do it, but somewhere else.”

In those days NIH XE "National Institutes of Health (NIH):research policy"  did not allow principal investigators any salary from their own grants. Maybe you remember those days. That was the basis of Comroe’ XE "Comroe, Julius" s statement that only three in the department were on university salaries. All the others were getting their salaries off Comroe’s and Kety XE "Kety, Seymour" ’s grants. When any of those became independent enough to get their own grants and wished to remain in the department, their salaries would then have to come from the university, and such salaried positions were not readily available. When, I understood this, his statement seemed reasonable, not a criticism of me and I accepted the position.

TB:
So, you accepted the position.

LS:
It turned out to be a wonderful choice and a great experience. The department was outstanding, arguably the best physiology department in the country at that time. I learned a great deal from Kety XE "Kety, Seymour"  and Comroe XE "Comroe, Julius"  and from many of the others. One important and lasting lesson was to be completely rigorous and  as critical of one’s own work as that of others. We learned in our weekly seminars that every statement we made had to be backed up by relevant and substantive facts or reasoning, or else we were subjected to strenuous questioning and criticism. I was indeed very fortunate and happy to have trained there.

TB:
When did you join the department?

LS:
I joined the department in the fall of 1949. Sometime late in 1950 a couple of men in white uniforms who we thought were naval officers came to see Kety XE "Kety, Seymour" . His office had two doors, one in front opening to the hallway and the other a side door that opened into a large room where all the research fellows had desks. The latter door was almost always open, and we would often go into his office and bother him, or else he would come out and talk with us. He seemed to like to be interrupted and to interact with us. On this occasion that door was closed, and the two uniformed men spent nearly all day in his office. Finally they left, and the door opened. All of us were keenly interested because we knew if the navy wanted something from Kety, it was likely to impact us. We asked Kety what the navy wanted, and he told us they were Public Health Service XE "Public Health Service (PHS)"  officers. One was Bob Felix, XE "Felix, Robert"  Director of the newly established National Institute of Mental Health (NIMH). You know him I suppose.

TB:
Yes, I do.

LS:
The other one was Joe Bobbitt, the Executive Officer of the NIMH. We asked Kety what they wanted, and he informed us they came to offer him the position of Scientific Director of this new institute and also the newly created but smaller National Institute of Neurological Diseases and Blindness (NINDB). His responsibility would be to direct the intramural research programs of both institutes. XE "National Institute of Mental Health (NIMH):Intramural program" \r "NIMH1"  When we expressed doubts that a full professor in a prestigious Ivy League university, in an excellent department with a very supportive Chairman, would be interested he surprised us by saying  he had always been interested in mental health and considered the position a great challenge to do something worthwhile in the field. He would have almost unlimited space, budget, and positions with which to create  a formidable research program in neuroscience. The challenge appealed to him, and he would not reject it out of hand. We then asked why they would want a physiologist with little if any training and experience in psychiatry, to develop and head a program in mental health research. He replied that was a good question he himself had asked. Their answer had been that was exactly why they had selected him. They thought a scientific director of a major research program on mental and neurological diseases should be a basic scientist and not a psychiatrist or neurologist.

TB:
They wanted a basic scientist.

LS:
Kety XE "Kety, Seymour"  had received great acclaim and recognition for his development of the nitrous oxide method for measuring cerebral blood flow XE "Cerebral blood flow:measurement"  and metabolism XE "Cerebral metabolism"  in man and was at the top of his career. He was naturally reluctant to give this up and enter into essentially a new career, and he spent several months agonizing about the offer and consulting others for advice. Finally, he decided against most advice to accept the offer, and moved from Penn to the NIH, late in the summer of 1951.

TB:
What about you?

LS:
I stayed at Penn. By then I had become his most senior postdoctoral fellow and continued the research for which Kety had received two NIH grants. Because NIH XE "National Institutes of Health (NIH):funding policy"  policy at that time would have prevented me from receiving any salary from those grants if I became principal investigator, Comroe XE "Comroe, Julius"  assumed the role of principal investigator and allowed me to continue working on them. The department had two main areas of research directed by Kety and Comroe. Kety’s domain was cerebral blood flow and metabolism XE "Cerebral metabolism:research"  and peripheral circulation. Comroe’s was respiratory physiology. It was an outstanding department. The pulmonary physiology program under Comroe was arguably the finest in the world as was the cerebral blood flow XE "Cerebral blood flow"  and metabolism program under Kety. Richard Wechsler, XE "Wechsler, Richard"  who later went into internal medicine and gastroenterology, was Kety’s first postdoctoral fellow, and I was his second. We were subsequently joined by Renward Mangold XE "Mangold, Renward"  from Berne, Switzerland, who also became a gastroenterologist; Charles Kennedy, XE "Kennedy, Charles"  a pediatrician who became the first person to be boarded in both pediatrics and neurology; Benton King XE "King, Benton"  and Eugene Conners, XE "Conners, Eugene"  anesthesiologists; Jerome Kleinerman, XE "Kleinerman, Jerome"  who also  went into internal medicine; and Reuben Copperman, XE "Copperman, Reuben"  a graduate student in biophysics from whom I learned a great deal of mathematics. It was a smooth working and very collegial team while it lasted. Kety, of course, had been the magnet that attracted and could assemble such a team. After he left no one new came and the team disintegrated. XE "Kety, Seymour" \r "Kety3"  I was left with Copperman XE "Copperman, Reuben"  and a technician. Those of us who remained were still happy with our own research, but the atmosphere became somewhat boring because we did not have a critical mass with whom to converse and exchange stimulating ideas. Comroe XE "Comroe, Julius" ’s pulmonary physiologists did not have much interest in cerebral circulation XE "Cerebral circulation"  and metabolism XE "Cerebral metabolism" , and we had little interest in their field.

The US Navy had the Naval Air Development Center in Johnsville, Pennsylvania, just outside of Philadelphia. They had established the Aviation Medical Acceleration Laboratory to study the physiological bases for blackout and red-out in pilots undergoing gravitational stresses during maneuvers. This facility was equipped with a centrifuge that had a 50-foot arm and a gondola at the end with which they could subject animals and people to gravitational forces comparable to those encountered by pilots. It was hypothesized but not proven that blackout was due to inadequate perfusion of the brain, and they appointed me as a consultant to assist in the development of a method to measure cerebral blood flow XE "Cerebral blood flow:measurement"  and metabolism during imposed gravitational stresses in the centrifuge. I went to Johnsville once or twice a week to participate in experiments designed to develop such a method. After a couple of years they offered me the position as head of their physiology laboratory.

Because of my feelings of isolation in the department at Penn, I decided to accept the offer and went to Comroe XE "Comroe, Julius"  to tell him of my decision. He did not want me to leave, especially to work for the Navy, and asked me to remain in his department and join the group working in pulmonary physiology. I explained to him that lung function might be interesting to some, but I did not find it particularly stimulating and wanted to pursue my interests in cerebral blood flow and metabolism. He then called Kety at NIH XE "National Institutes of Health (NIH)"  to tell him that I wanted to leave the department and suggested he offer me a position rather than let me go to the Navy. Kety then called to offer me a position and explained he had not done so previously because he had not wanted to rob the department at Penn. Since I was leaving anyway, however, why not come to NIH XE "National Institutes of Health (NIH)" ? I accepted his offer.

TB:
What year are we in?

LS:
This was in 1953. I signed in sometime in December 1953, but did not really begin to work there until early in 1954 because the laboratories were not ready. In the interim I continued working at Penn. When I finally arrived, Kety was working on the development of a method for measuring blood flow in different parts of the brain. There was need for such a method. The nitrous oxide method, which measured only average rates of blood flow and metabolism in the brain as a whole, had shown only reductions in cerebral oxygen consumption in states in which consciousness was impaired. It had failed, however, to show increases in any conditions and did not detect changes in a variety of physiological, pharmacological, and pathophysiological conditions in which cerebral function must certainly have been altered. For example, it showed no changes in cerebral oxygen consumption in subjects during mental arithmetic, slow wave sleep, hyperthyroidism, sedation, inebriation, etc. Cerebral oxygen consumption was also found to be unchanged in schizophrenia, which led Kety to jest that perhaps it took just as much energy to think an irrational thought as a rational thought. These results led to speculations about why cerebral energy metabolism appeared to be unaltered during obvious changes in brain function.

A popular belief at the time was that cerebral metabolism XE "Cerebral metabolism"  was already operating at its maximal rate which could be reduced by conditions that impaired consciousness but could not be detectably raised by increased functional activity in the brain. The brain was compared to a radio in which most of the energy is used in the filaments to heat the cathodes of the vacuum tubes but is negligibly altered by the signals or information being transmitted, whether it is music, speech, or static. We, however, did not believe that. Our hypothesis was that the nitrous oxide XE "Kety-Schmidt nitrous oxide method:limitations"  method failed to show increases in energy metabolism during functional activation because it measured only the average in the whole brain while specific functional activities are localized to particular regions of the brain. What was needed was a method that measured energy metabolism in individual regions of the brain. Furthermore, it had to be a method that could be applied without the need for general anesthesia which itself was likely to alter brain functional activity. Kety initiated a project to develop such a method shortly after he arrived at NIH. He was assisted by William Landau XE "Landau, William"  and Walter Freygang, XE "Freygang, Walter"  both Research Associates in the Laboratory of Neurophysiology, NIMH, and Lewis Rowland, XE "Rowland, Lewis (\"Bud\")"  a Clinical Associate in the NINDB, and I joined this group when I arrived.

At that time it was not obvious how one might measure local energy metabolism in the brains of un-anesthetized, behaving animals. Kety’s previous research on the principles of inert gas exchange between blood and tissues had led, however, to a possible approach to the determination of local cerebral blood flow XE "Regional cerebral blood flow" . Blood flow in the brain was thought to be adjusted to metabolic demand. This approach proved successful. XE "Kety, Seymour" \r "Kety4"  We succeeded in developing the first method for determination of the rates of blood flow locally in every region of the brain of unanesthetized animals. The method was based on the uptake from blood to brain of a chemically inert, radioactive gas, 131I-labeled trifluoroiodomethane ([131I]CF3I), and it took advantage of a unique quantitative autoradiographic XE "Autoradiography"  technique that made possible the measurement of local concentrations of the tracer within brain tissues. With this method we were able to measure the rates of blood flow in all parts of the brain in conscious and thiopental-anesthetized cats and found that anesthesia reduced blood flow in all gray matter structures, but particularly in sensory cortical regions, which is the main purpose of general anesthesia.

We also used the method to demonstrate that local blood flow does change in brain regions with normal alterations in functional activity. For example, retinal stimulation with a photoflash was found to increase blood flow in all stations of the primary visual pathways in the cat, and these changes were clearly visualized in the autoradiograms. This was the first demonstration of functional brain imaging XE "Functional brain imaging" . It should be noted that although the blood flow technique was originally developed for use with the 131I-labeled gas [131I]CF3I and autoradiography, it was later adapted for use with the non-volatile 14C-labeled tracer [14C]iodoantipyrine and autoradiography XE "Autoradiography"  in animals and with 15O-labeled water and PET XE "Positron emission tomography (PET):human studies"  in man.

TB:
Have you been involved in any other projects?

LS:
There were other projects in which I was involved after my arrival. For example, I set up the nitrous oxide XE "Kety-Schmidt nitrous oxide method"  method for measuring cerebral blood flow and metabolism in man and used it in studies of the effects of LSD and normal aging. My main interests, however, were in metabolism, which required knowledge of biochemistry. Although I had learned a lot of biochemistry from textbooks and reading of the literature, I had relatively little biochemical laboratory experience. It turned out that NIH XE "National Institutes of Health (NIH):brain research"  was a wonderful place to remedy this deficiency because we were all mixed together, biochemists, physiologists, pharmacologists, anatomists, etc. In fact, when I first arrived, I was in the Laboratory of Neurochemistry which contained, in addition to my Section on Cerebral Metabolism, the Section on Lipid Biochemistry and the Section on Physical Chemistry. I was surrounded by biochemists and joined a biochemical journal club. There I met Seymour Kaufman, XE "Kaufman, Seymour"  an outstanding enzymologist who later distinguished himself by his work on the mechanisms of amino acid hydroxylation, for example, phenylalanine hydroxylation to tyrosine, dopamine hydroxylation to norepinephrine, and tryptophane hydroxylation to hydroxytryptophane, all reactions important to neurotransmitter XE "Neurotransmitters"  syntheses.


In earlier studies at Penn with the nitrous oxide XE "Kety-Schmidt nitrous oxide method"  method we had found cerebral oxygen consumption XE "Oxygen consumption"  to be entirely normal in adult patients with hyperthyroidism, in whom total body oxygen consumption was increased by 50–70%. I became interested in the question of what was different about brain energy metabolism compared to that of other tissues that made it unresponsive to thyroid hormones. It soon became obvious, however, that to answer that question one would have to know the mechanism by which thyroid hormones stimulated energy metabolism in responsive tissues. From exhaustive examination of the literature I arrived at the hypothesis that thyroid hormones primarily stimulated protein synthesis but had little if any effect in mature brain because its rate of protein turnover is very low compared to carbohydrate metabolism. I presented this hypothesis and the evidence in favor of it at a session of the biochemical journal club. It turned out that Seymour Kaufman XE "Kaufman, Seymour"  had arrived at the same hypothesis but from a different direction. We decided to collaborate on a project to examine this. It was a fortunate collaboration for me because it was obvious that testing the hypothesis would require mainly biochemical experiments, and though I had always been interested in biochemistry and had acquired a pretty fair knowledge of it from books, I had relatively little experience in laboratory techniques. It turned out to be a very fruitful collaboration. We complemented each other. Kaufman XE "Kaufman, Seymour"  was an outstanding biochemist and enzymologist who came from a background in organic chemistry while I came from a background in physiology and medicine. He was a stern and rigorous teacher who over a period of years trained me in practical as well as theoretical biochemistry and made me a biochemist. I became so intrigued by the power of biochemistry to arrive at definitive conclusions that I remained fully engaged in it for the next 20 years. Incidentally, we found that thyroid hormones do indeed stimulate protein synthesis in those tissues in which they stimulate oxygen consumption XE "Oxygen consumption" , and published this finding first as a preliminary note in Science in 1959 and then in more complete form in the Journal of Biological Chemistry in 1961.


Although my laboratory work during those years was largely in vitro biochemistry, I never lost my interest in cerebral metabolism XE "Cerebral metabolism:research"  and the possibility of using the quantitative autoradiographic technique developed for the local blood flow method to measure local cerebral energy metabolism. Autoradiography XE "Autoradiography"  requires, of course, the use of a radioactive tracer. Of the two almost exclusive substrates of the brain’s energy metabolism, oxygen and glucose, oxygen was impractical because the half-life of its radioactive isotope, 15O, is only two minutes. Glucose labeled with 14C was a possible alternative because its rate of utilization in brain is stochiometrically related to that of oxygen. I tried to develop such a method for use with [14C] glucose shortly after the local blood flow method had been developed. My first step was to try to design a kinetic model for the behavior of [14C]glucose in brain that would define the variables and parameters needed to compute the rate of glucose utilization from measurements of radioactivity in blood and/or plasma and cerebral tissues. I dropped this effort when I realized that [14C]glucose metabolism to 14CO2 in brain and the removal of the 14CO2 from the brain by the cerebral circulation XE "Cerebral circulation"  are so rapid that it was impossible to estimate the amount of product derived from [14C]glucose utilization over a given interval of time.


In 1957 I was writing a chapter for the Handbook of Physiology on the metabolism of the central nervous system in vivo and working on the part in which I was arguing that glucose XE "Glucose utilization"  is not only the preferred substrate for the brain’s energy metabolism but an essential one. The evidence was that insulin-induced hypoglycemia leads to loss of consciousness, slowing of the EEG XE "Electroencephalography (EEG)" , and markedly reduced cerebral oxygen consumption XE "Oxygen consumption" , and that when the blood glucose level is restored by glucose administration, all these changes are reversed. I was looking for additional evidence that the effects of insulin-induced hypoglycemia on brain functions were due to lack of glucose and not to the insulin per se. I was discussing this issue with Don Tower, XE "Tower, Donald"  a neurochemist in the NINDB. He told me about still unpublished studies being carried out by Bernie Landau XE "Landau, Bernard"  in the National Cancer Institute in which he was finding that the administration of pharmacologic doses of 2-deoxyglucose, an analogue of glucose, produced a clinical state just like that of insulin-induced hypoglycemia, but in the presence of an elevated blood glucose concentration. The animals XE "Animal studies"  lost consciousness, just like in insulin-induced hypoglycemia. Apparently 2-deoxyglucose was interfering somehow with glucose metabolism XE "Glucose metabolism"  in the brain. This was the kind of evidence I was looking for, and I cited Landau XE "Landau, Bernard" ’s work in my chapter as a personal communication. I remained curious, however, about the mechanism of its effects in brain. How did it produce coma? It was likely to be competing with glucose, but the dose that produced coma did not appear to be large enough for the 2-deoxyglucose to compete with the much higher blood glucose levels to the point that blood-brain transport of glucose was insufficient to maintain cerebral glucose utilization and consciousness.

It was known from the earlier studies of Sols and Crane that 2-deoxyglucose was a substrate for hexokinase and could compete with glucose for phosphorylation in the glycolytic pathway. Normally, however, there is plenty of glucose in the brain, and furthermore, hexokinase has a much greater affinity for glucose than for 2-deoxyglucose. It was therefore unlikely that competitive inhibition of glucose phosphorylation was sufficient to produce coma. There must have been some other explanation, but what was it? I didn’t do anything about it except to follow the growing literature on the effects of 2-deoxyglucose. Finally, a publication by Wick, Drury, and others appeared which showed that it was not 2-deoxyglucose itself but its phosphorylated product, 2-deoxyglucose-6-phosphate that blocked glucose metabolism XE "Glucose metabolism" . The mechanism appeared to be as follows: Glucose-6-phosphate, the product of the hexokinase-catalyzed phosphorylation of glucose, is normally rapidly isomerized to fructose-6-phosphate which is then metabolized further down the glycolytic and eventually into the tricarboxylic acid pathway. In contrast, 2-deoxyglucose-6-phosphate lacks the oxygen on its 2-carbon position and cannot be converted to fructose-6-phosphate and metabolized further. Therefore, because the brain has very little if any hexose-6-phosphatase activity, 2-deoxyglucose-6-phosphate accumulates in brain to levels that exceed that of glucose-6 phosphate and inhibits glucose-6 phosphate conversion to fructose-6-phosphate. This effectively blocks glycolysis and glucose utilization in the brain and is responsible for the coma.

When I saw this paper, I immediately thought that this property of 2-deoxyglucose might offer a means to use the quantitative autoradiographic technique to determine local rates of glucose utilization in the brain. 2-Deoxyglucose is an analogue of glucose that crosses the blood-brain barrier XE "Blood-brain barrier"  and is metabolized in competition with glucose in the first step of glucose metabolism XE "Glucose metabolism" , but then its metabolic product, unlike those of glucose metabolism, is essentially trapped and accumulates in the brain. It seemed to me that this unique property should allow one to determine how much 2-deoxyglucose had been phosphorylated and from that one should be able to figure out some way to compute the rate of glucose utilization. XE "2-Deoxyglucose" \r "deox"  To do so would, however, require some type of kinetic modeling and analysis that was not immediately obvious. I was at the time still deeply involved in studies of the action of thyroid hormones on protein synthesis, and so I set this idea aside as something  to work on some day.

TB:
When did you return to it?

LS:
In 1964, Martin Reivich, XE "Reivich, Martin"  who was serving his required two years of military service as a Research Associate in the US Public Health Service XE "Public Health Service (PHS)"  at NIH XE "National Institutes of Health (NIH):brain research" , joined our lab. He had previously been trained in neurology at the University of Pennsylvania, and came to work with Seymour Kety XE "Kety, Seymour"  and me on cerebral blood flow. At that time, neither Kety nor I was working any longer on cerebral blood flow; Seymour XE "Kety, Seymour"  had become involved in biochemical and genetic studies of schizophrenia XE "Schizophrenia:genetic aspects" , and I was working on the thyroid project. Both of us, however, had always had an interest in adapting the old autoradiographic [131I]trifluoriodomethane gas method for use with a non-volatile, long-lived 14C-labeled tracer because of the greater convenience and better autoradiographic XE "Autoradiography"  resolution it offered. Reivich XE "Reivich, Martin"  did just that while he was here. He succeeded in adapting the local blood flow method for use with [14C]antipyrine, and in doing so he also modified the quantitative autoradiographic technique for use with 14C intsead of 131I. Quantitative autoradiography with 14C was, of course, an essential step toward the development of a method to measure local cerebral glucose utilization with 2-[14C]deoxyglucose. We discussed this further application of 14C autoradiography and agreed that some day we ought to do something about it, but not then.

In 1966 Reivich XE "Reivich, Martin"  returned to the Neurology Department at Penn. Shortly thereafter he called me to ask if he could include in a grant application he was preparing a section on the development of the [14C]deoxyglucose method, and if I would be willing to collaborate with him on such a project. I agreed on condition that the initial experimental work would be done in his lab because mine was totally occupied with biochemical studies of the action of thyroid hormones and the cerebral utilization of ketone bodies. The initial studies done in his lab showed that 2-[14C]deoxyglucose and glucose were taken up from the medium by brain slices in vitro in almost exact proportion. This encouraged us to develop a model for their behavior in brain in vivo. The model was essentially the same as the one for the measurement of local cerebral blood flow XE "Regional cerebral blood flow"  with a chemically inert radioactive tracer, such as [131I]trifluoroiodomethane or [14C]antipyrine, except that it included a trapping step to account for deoxyglucose phosphorylation by hexokinase. The model was not wrong, but it led to a technically impractical if not impossible procedure that would have required simultaneous measurement of local blood flow and knowledge of some parameters that were extremely difficult to determine.


In 1968 I was presented with the opportunity to take a sabbatical year to work somewhere else. I realized that it might be my last chance to do that, so I decided to go to the Laboratory of General and Comparative Biochemistry at the Collège de France in Paris. This laboratory, headed by Jean Roche, XE "Roche, Jean"  was  internationally renowned for its work on thyroid hormones. Professor Roche, who was also the Rector of the University of Paris, was fully occupied dealing with a student body in revolt, and the laboratory was  being run by Jacques Nunez XE "Nunez, Jacques" . I collaborated with him on the biosynthesis of thyroid hormones. A key step in the pathway of this synthesis is the iodination of tyrosine residues in the protein thyroglobulin in the thyroid gland. This reaction is normally catalyzed by the enzyme thyroid peroxidase. To study this peroxidase-catalyzed protein iodination reaction we used a model in which horseradish peroxidase was used to catalyze iodination of serum albumin.

The kinetics of this reaction turned out to be peculiar. It did not follow typical Michaelis-Menten kinetics which intrigued me. We did eventually find the explanation for the unusual kinetics. The action was a bimolecular one that required the sequential addition of two substrates, iodide and serum albumin, to the peroxidase enzyme. The order of addition was qualitatively random, but there were kinetic preferences in the orders of addition, and simulation studies showed that the observed aberrant kinetic pattern could be duplicated if appropriate rate constants in the various steps of the reaction sequence were used. One very fortunate outcome of working on this problem was that it taught me a great deal about enzyme kinetics. Furthermore, when the student revolt was over and they returned to the university, I was incorporated into teaching a graduate class in biochemistry. The subject of my lectures was the regulation of enzyme activities. This experience further prepared me for what was to come. I began to think about the 2-deoxyglucose XE "2-Deoxyglucose"  method more as an enzyme kinetic problem rather than as a blood flow and transport problem.


When I returned to my own laboratory at NIMH XE "National Institute of Mental Health (NIMH):Intramural program"  in 1969 after spending my sabbatical year abroad, I found the thyroid project in shambles. I had the choice of trying to resurrect it or to take the opportunity to use the enzyme kinetics I had learned and switch my lab’s focus to work on the development of the deoxyglucose method. I chose the latter. After initial biochemical experiments with brain homogenates in vitro, we carried out our first experiment in vivo in which we injected 14C-labeled deoxyglucose into a rat and autoradiographed its brain. This was done in February 1971. The development of the 2 [14C]deoxyglucose method for the measurement of local cerebral glucose utilization in rats was completed by 1974, and by 1976 we had completed its adaptation for use in monkeys. It was subsequently adapted by us and by others for use in cats, dogs, mice, and sheep and fetal lambs.

TB:
When did you move from animal research to man?

LS:
After the autoradiographic 2-[14C]deoxyglucose method was developed, Reivich, XE "Reivich, Martin"  a collaborator in its development and a neurologist who necessarily dealt with human subjects, raised the question about the possibility of adapting it for use in humans. I remember quipping, “Sure, maybe one of the countries that still uses beheading as a penalty would allow us to inject some [14C]deoxyglucose into the subject before they behead him and then allow us to take the brain out for autoradiography. It’s not very practical to do autoradiography on a human brain.” He replied that maybe there was another way. He had met David Kuhl XE "Kuhl, David"  at the University of Pennsylvania, who was in nuclear medicine and had with colleagues developed a single photon scanner XE "Single photon emission tomography (SPECT)"  that could scan the brain for γ-ray radiation and localize its distribution. It had four scintillation counters arranged in a rectangle in a plane that rotated around the head and could measure the radioactive emissions from localized regions in slices of the brain, one plane at a time. I believe they had used it to measure local blood contents in different parts of the brain with radioactive carbon monoxide which bound to hemoglobin. I acknowledged that the scanner might solve one problem but raised another. It required an isotope that emitted gamma-rays that could penetrate the brain and skull and be detected by the scanner outside the head. The problem was that deoxyglucose XE "Deoxyglucose"  contains only carbon, hydrogen, and oxygen. There are no gamma-emitting isotopes of hydrogen; oxygen has one, 15O, but with only a two-minute half-life; and carbon has 11C which has a 20-minute half-life. I didn’t know how one could synthesize deoxyglucose labeled with any one of these short-lived isotopes fast enough. What was there to do?

Another possibility occurred to us. At the time I belonged to a wine-tasting group at NIH, composed mainly of biochemists who met once a month. One of its members was Peter Goldman, XE "Goldman, Peter"  a biochemical pharmacologist, now at Harvard, who was then doing research on the biochemical properties of fluorinated analogues of natural compounds. Fortunately, I knew something about his work. He had, for example, shown that glutamate decarboxylase, the enzyme that makes GABA XE "GABA (γ-amino butyric acid)"  from glutamate, could also decarboxylate fluorinated glutamate XE "Glutamate"  to make fluoro-GABA. Fluorine is so small an atom that when it is inserted in place of a hydrogen in not too critical a position in a molecule, enzymes acting on the natural compound often act on the fluorinated compound, at least qualitatively, like on the natural compound. 18Fluorine is a gamma-emitting isotope with a 110 minute half-life, long enough perhaps to permit synthesis of practical quantities of 2 [18F]fluorodeoxyglucose.

A further concern was where in the molecule to insert the fluorine atom to assure that the compound was still a substrate for the enzyme hexokinase. 2-Deoxyglucose XE "2-Deoxyglucose"  has 6 carbon atoms, and it is phosphorylated by hexokinase on the carbon-6 position. The carbon furthest away from the phosphorylation site that could be fluorinated was carbon-2. It seemed, therefore, that the compound most likely to meet all the criteria was 2-[18F]fluoro-2-deoxy–D-glucose (18FDG). We were not, of course, radiochemists, so Kuhl enlisted the aid of Alfred Wolf XE "Wolf, Alfred"  and Joanna Fowler XE "Fowler, Joanna"  from Brookhaven National Laboratories. Reivich, XE "Reivich, Martin"  Kuhl, Wolf, Fowler and I, and some of their colleagues held a meeting in Philadelphia where we discussed our need for 18FDG. Wolf and Fowler were sure they could synthesize it. I insisted they first synthesize a 14C-labeled version of the species of fluorodeoxyglucose XE "Fluorodeoxyglucose"  so that we could do the biochemical and in vivo animal studies needed to confirm  the compound did indeed behave like 2-deoxyglucose. Kuhl and Fowler succeeded in doing that, and XE "Kuhl, David" \r "Kuhl"  we used the 14C-labeled FDG in enzyme assays and animal studies to show that the proposed 18FDG would have the same biochemical properties as 2-deoxyglucose XE "2-Deoxyglucose" .

Wolf XE "Wolf, Alfred" , Fowler, XE "Fowler, Joanna"  and several of their colleagues also developed a synthesis for the 18F-labeled FDG, and studies with 18FDG in human subjects were successfully carried out with Kuhl XE "Kuhl, David" ’s Mark IV scanner at Penn in 1976–1977. These were the first determinations of regional glucose utilization XE "Glucose utilization"  in the human brain. The images, however, were not very good, nowhere near those obtained with the autoradiographic technique. This was because the spatial resolution possible with the single photon emission scanner was in the range of centimeters whereas that of the autoradiographic techniques was about 100-200 microns. Shortly thereafter, Kuhl XE "Kuhl, David"  left Penn to assume the role of Chief of Nuclear Medicine at UCLA. He took with him Michael Phelps XE "Phelps, Michael"  and Edward Hoffman, XE "Hoffman, Edward"  who had been working with him at Penn but had previously been intimately involved in the design and development of the first positron-emission tomographic (PET) XE "Positron emission tomography (PET)"  scanners when they were at Washington University. At UCLA they acquired the first commercial PET scanner, the ECAT II. 18F is a positron emitter, and its positron emissions are the source of the gamma rays that were exploited by Kuhl XE "Kuhl, David" ’s single photon scanner XE "Single photon emission tomography (SPECT)" . The positron, which has the same mass as the electron, is emitted from the atomic nucleus. It is absorbed in the tissue by collision with an electron in its environment, and the masses of both the electron and the positron are converted into two so-called annihilation gamma rays of equal energy. These gamma rays leave the site of the collision in opposite directions at approximately 180 degrees. Because gamma rays are less readily absorbed by tissue, they can be detected by radioactivity detectors outside the head. The gamma rays move in opposite directions with the speed of light, and so by having two detectors lined up which can measure the gamma rays arriving at them in coincidence, it is possible to localize the line in the tissue from which the rays originated. By having many such pairs of detectors around the head, it is possible to localize the region in the brain from which the two rays originated. Then, with the aid of computer images, the distribution of the radioactivity in slices of the brain can be constructed. This is, in brief, the principle of positron emission tomography. It provides much better resolution than single photon scanning, in the range of millimeters. This resolution is still far less than that of autoradiography XE "Autoradiography" , but PET XE "Positron emission tomography (PET):human studies"  does allow measurements to be made in humans. Phelps XE "Phelps, Michael" , Hoffman, XE "Hoffman, Edward"  Kuhl, XE "Kuhl, David"  and a number of associates then proceeded to adapt the 18FDG technique for use with PET XE "Positron emission tomography (PET):human studies"  and applied it to humans in a variety of normal functional states and clinical conditions, among them normal aging, partial complex epilepsy, Huntington’s disease, Alzheimer’s disease XE "Alzheimer’s disease" , and, more recently, neoplasms. These studies established the usefulness of the 18FDG method to study the human brain in health and disease.

TB:
What was the time frame of these developments?

LS:
The autoradiographic XE "Autoradiography"  [14C]deoxyglucose method was first presented in 1974 at the annual meeting of the American Society for Neurochemistry. In 1975 we published in Science the first report of how it could be used for the mapping and imaging of functional activity in neural pathways. This report in Science did not, however, include quantification; it showed only how changes in functional activity could be visualized and localized in the autoradiographic images that the method provided. In 1976 we published in PNAS its use to map functional activity in the primary binocular visual system in the monkey. This report included the visualization of the nature and extent of the ocular dominance columns in the primary visual cortex as well as the localization for the first time of the site of representation of the blind spots of the visual fields in the visual cortex. In 1977 we published the full details of the theory, procedure, and applications of the quantitative deoxyglucose XE "Deoxyglucose"  method in the Journal of Neurochemistry, and later that year we published a short review of its many applications in the same journal.


The development of the 18FDG method for use in humans with the single photon scanner XE "Single photon emission tomography (SPECT)"  was completed in 1977, but not published until 1979 because of the many coauthors in different institutions who had to be allowed to review and edit the manuscript. It was eventually published by Reivich XE "Reivich, Martin"  and the rest of us in Circulation Research at least a couple of years after its completion. The adaptation of the 18FDG method for use with PET XE "Positron emission tomography (PET)" , in which I also collaborated, was completed somewhat later but also published in 1979 by Phelps XE "Phelps, Michael"  et al. in the Annals of Neurology.


You might find it amusing to know why the full paper on the [14C]deoxyglucose method was not published until 1977 even though it had first been reported in abstract form in 1974. At the time when we were working on the development of the method, I was the Chief Editor of the Journal of Neurochemistry and a very conscientious one. I had a rule that any submitted or revised paper received in the mail had to be sent out for review by the next day. Also, any reviews received from referees would also be acted on by me by the next day and forwarded to the authors with a decision  that was not a form letter but one tailored specifically to the manuscript and its reviews. That was practically a full time job helping others to get their papers published, and it did not leave me much time to write my own. At that time I had my first Japanese fellow, Osamu Sakurada, XE "Sakurada, Osamu"  who was part of the group working on the development of the deoxyglucose method. He had come from the Department of Neurosurgery of Juntendo University in Tokyo, and a friend of his from that same department was a fellow in Janet Passonneau XE "Passonneau, Janet" ’s Laboratory of Neurochemistry in the NINDS. Sometime in 1976 Sakurada XE "Sakurada, Osamu"  asked me if there was something wrong with the deoxyglucose XE "Deoxyglucose"  method. I was surprised and asked him had he found something wrong with it? He said that he himself didn’t see anything wrong with it, but his friend had told him that at a journal club meeting in Dr. Passonneau XE "Passonneau, Janet" ’s lab she had remarked that there must be something wrong with the method because the abstract had been published in 1974, and yet the full paper had not yet come out. This alerted me to the possibility of a serious problem, and so I resigned as Chief Editor of the Journal of Neurochemistry and spent the next six months writing the paper. That is the story of why the full paper followed so long after the abstract. 

TB:
Now, in the 1980s, you continued . . . ?

LS:
Yes, I continued working with the method, to a large extent on the effects of neuropharmacologic agents related to the various neurotransmitter systems XE "Neurotransmitters" . These included, for example, dopaminergic XE "Dopaminergic:system" , serotonergic XE "Serotonergic:system" , adrenergic, and cholinergic systems XE "Cholinergic system" . Some of the drugs we examined were amphetamine, apomorphine, haloperidol, LSD, phenoxybenzamine, propranolol, morphine, diazepam, phencyclidine, and ketamine.


We also worked on the sites and mechanisms of activation of energy metabolism by neuronal functional activation. These studies definitively demonstrated the surprising fact that functional activation of a neural pathway stimulates glucose utilization XE "Glucose utilization"  in the neuropil, specifically the regions of the synaptic terminals in the projection zones of the pathway, and not at all in the perikarya in the region of origin of the pathway. The perikarya do consume glucose, but it is probably used mainly for “house-keeping” functions, such as the synthesis of proteins, nucleic acids, and lipids, as well as axonal transport, etc. and is not altered by functional activity in the pathway. Furthermore, the increases in glucose utilization in the terminal zones of the activated pathway are linearly related to the spike frequency in the afferents to the synapses, and is used mainly to supply the energy for the increased Na+,K+-ATPase activity that is needed to restore the ion gradients across the membranes which are partially degraded by the action potentials. An interesting outcome of these findings was the explanation of why activating an inhibitory pathway stimulated glucose utilization in its terminal zones just the same as activation of an excitatory pathway. It was not because inhibition required energy just like excitation, as was often speculated. It was because it was the spike activity in the afferent terminals that was responsible for the change in energy metabolism, and this would be the same whether it resulted in release of an inhibitory or an excitatory neurotransmitter. To determine which neurotransmitter XE "Neurotransmitters"  was being released, it would be necessary to look at the next synapses of the pathway.

TB:
What about in the 1990s?

LS:
In the 1990s we returned in part to working on local cerebral blood flow XE "Regional cerebral blood flow" . We were particularly interested in the physiological and/or biochemical mechanisms responsible for the increases in blood flow associated with increased functional and metabolic activities. We never did succeed in defining them, but we did make some interesting findings in the course of these studies. For example, we found that pharmacologic doses of 2-deoxyglucose XE "2-Deoxyglucose"  or insulin-induced hypoglycemia of sufficient degree markedly increased blood flow everywhere in the brain. The glucose concentration in the brain under normoglycemic conditions, for example, plasma glucose concentrations of about 7 millimolar, is between 2 and 3 millimolar, approximately 50 times the Km of hexokinase for glucose. With progressively deeper levels of hypoglycemia brain glucose concentration falls almost linearly with plasma glucose concentration, but cerebral glucose utilization remains more or less constant because hexokinase still remains relatively saturated over a wide range of cerebral glucose concentrations. In this range cerebral blood flow XE "Cerebral blood flow"  also remains more or less constant. Eventually, however, when plasma glucose concentration falls into the range of 2–3 millimolar, cerebral glucose levels fall to levels around the Km and hexokinase becomes unsaturated causing cerebral glucose utilization XE "Glucose utilization"  to fall.

Surprisingly, we found that despite the decrease in energy metabolism, cerebral blood flow XE "Cerebral blood flow"  was markedly increased, a complete dissociation between energy metabolism and blood flow in the brain. The question was: why? Normally, cerebral blood flow XE "Cerebral blood flow"  is expected to be adjusted to metabolic demand. What in this case causes the blood flow to go up when metabolic demand goes down? We spent a lot of time studying that. Our first thought was that nitric oxide might be involved, and that perhaps it was formed or released by the reduced glucose utilization and was dilating the blood vessels. We therefore administered inhibitors of nitric oxide synthase. These did lower baseline cerebral blood flow XE "Cerebral blood flow"  but did not prevent or even reduce the increase due to hypoglycemia. Our next thought was that, inasmuch as hypoglycemia is one of Cannon XE "Cannon, Walter" ’s four stress conditions, it was likely to cause the release of epinephrine and norepinephrine by the adrenals, and that their elevation in blood might be causing the increase in cerebral blood flow XE "Cerebral blood flow" . To examine this possibility, we measured blood norepinephrine XE "Norepinephrine"  and epinephrine XE "Epinephrine"  levels and found that they did indeed rise markedly in hypoglycemia. We then infused the catecholamines XE "Catecholamines"  intravenously at rates that raised their blood levels to the same or even higher levels than those found in hypoglycemia, but that failed to alter either cerebral blood flow XE "Cerebral blood flow"  or glucose utilization XE "Glucose utilization" . It could not, therefore, explain the blood flow response to hypoglycemia.

We then considered the following scenario. When the brain glucose concentration falls to a level close to its Km, hexokinase becomes partly desaturated, and the rates of glucose phosphorylation and utilization fall to rates insufficient to maintain normal rates of ATP synthesis. ATP levels then fall while those of ADP and AMP rise. AMP is the substrate for 5’-nucleotidase which dephosphorylates it, generating adenosine. Adenosine is known to be a potent vasodilator, probably via its action on the adenosine A2a receptor, and has been shown to be involved in the regulation of the coronary and probably also the cerebral circulation XE "Cerebral circulation" . To test this hypothesis we measured brain adenosine levels during both insulin-induced hypoglycemia and after pharmacologic doses of 2-deoxyglucose XE "2-Deoxyglucose"  at the levels that increased cerebral blood flow XE "Cerebral blood flow" . In both cases brain adenosine concentrations were tremendously increased. We then reasoned that if indeed it was adenosine that mediated the increases in cerebral blood flow XE "Cerebral blood flow" , then blocking adenosine receptors should also block the blood flow response. Since we had no idea which of the adenosine receptors might be involved, we used a relatively non-specific antagonist, caffeine. Sure enough, caffeine dose-dependently inhibited the blood flow response to hypoglycemia to the point of complete extinction. It was very gratifying to have a definitive answer to an interesting problem, and furthermore, it provided strong evidence that adenosine does indeed have a role in the control of the cerebral circulation XE "Cerebral circulation" . XE "Adenosine" \r "adenosine" 
TB:
You are still active, right?

LS:
I am still presently active, but my lab’s personnel and resources have been reduced to the point where it has become very difficult to do the kind of work I used to be able to do. I am, therefore, planning to retire next summer.

TB:
Next summer?

LS:
Yes.

TB:
What was your most important contribution?

LS:
 My most important research contributions were the development of the 2-deoxyglucose XE "2-Deoxyglucose"  method and using it to show that local brain energy metabolism can not only be measured, but exploited to localize neural functional activity and even to image its distribution within the brain. In addition, we were able to use the method to define a number of the properties of metabolic response to functional activation. For example, we showed that the changes in energy metabolism evoked by alterations in functional activity occur in the synaptic regions in the neuropil and not at all in the neuronal cell bodies. Furthermore, the change in the metabolic activity found in these regions in the neuropil reflects mainly the change in spike frequency in the terminals of the afferent pathways to the region. I wish that those who use the 18FDG version of the method with PET XE "Positron emission tomography (PET)"  would pay more attention to this point. When they find a region in the brain with altered metabolic activity or blood flow, they should not, as they unfortunately often do, conclude that region is the site of the altered function. Altered metabolic activity in any given region may rather reflect altered function in regions upstream that project to it.


We also learned a great deal about the mechanisms that underly the functional activation of energy metabolism in the nervous system. These changes occur in the synaptic regions. Action potentials in the presynaptic axonal terminals and in the postsynaptic dendrites reflect sodium entry into and potassium exit from those cellular elements. These action potentials tend to degrade the ion gradients that generate the membrane potential and must be restored by pumping the sodium out of the cell and transporting potassium back into the cell. This is done by Na+,K+-ATPase which consumes ATP in the process, and this requires glucose utilization to provide the energy needed to regenerate the ATP.


There are, in addition, some other processes that are associated with neuronal functional activity and are also dependent on energy metabolism. The increases in energy metabolism associated with functional activation of a pathway are localized to the neuropil containing the synapses to which the pathway projects. Neuropil contains several subcellular elements, such as presynaptic axonal terminals, postsynaptic dendrites, and astrocytic processes. The deoxyglucose method is not yet capable of the fine resolution required to identify which of these subcellular elements contribute to the activated energy metabolism. Because action potentials in the axonal terminals and the dendrites degrade ion gradients, which must be restored, it is almost certain that these elements contribute to the increased energy metabolism.

There are, however, studies with cell cultures in vitro carried out by Magistretti’s group as well as ours that indicate that astroglia may also contribute to the functional activation of glucose utilization. Astrocytic processes surround the synapses, and astroglia have the property of avidly taking up glutamate XE "Glutamate"  which is the most prevalent excitatory neurotransmitter in the brain and is released in the synapses of excitatory pathways. Glutamate uptake by astrocytes is associated with the co-transport into the cell of 2–3 sodium ions per glutamate molecule. This sodium must then be pumped out of the cell, and this is done by Na+,K+-ATPase which uses up one ATP molecule for every 3 sodium ions pumped out. The astroglia also convert glutamate to glutamine, a process that also uses one ATP molecule for each glutamate converted. The increase in energy metabolism observed with neuronal functional activation is, therefore, I believe, distributed among presynaptic axonal terminals, postsynaptic dendrites, and in glutamatergic synapses in the astrocytes with processes surrounding the synapses.

TB:
So we should focus on the synaptic area to which the pathway projects, because this is where the activity is?

LS:
Yes, and that is the reason I said that I wish those using the 18FDG method with PET XE "Positron emission tomography (PET)"  would appreciate this. If they find a region with a low metabolic rate, they should not conclude, as they often tend to do, that that is where the abnormality is. Not necessarily. It may be that the problem is somewhere else, for example, the origin of a pathway that is projecting to this area.

TB:
How would this translate into the clinical interpretation of findings?

LS:
I think the lesson is that in trying to localize the sites of abnormalities in disease or the actions of drugs, one should remember that what is observed in one area may well be a reflection of what happened somewhere else.

TB:
Is there anything we did not cover?

LS:
Well, there are probably a lot of things.

TB: 
But you think that we covered the important things.

LS:
I think so. We got the most important things.

TB:
When did you become a member of ACNP XE "American College of Neuropsychopharmacology (ACNP):members" ?

LS:
I am not sure, but I believe it was some time in the nineteen seventies. 

TB:
Have you been attending the annual meetings regularly? 

LS:
Oh, yes, I usually come to the meetings, at least two of every three years, and have participated in many sessions. 

TB:
What would you like to see happen in your field in the future?

LS:
I would like to see the biochemical abnormalities in schizophrenia XE "Schizophrenia:research"  identified. It won’t, of course, be by me. I think that the imaging field is going to get better and better as the instrumentation improves. It should be remembered, however, that one should not derive a functional XE "Functional brain imaging"  model from what is imaged with PET or fMRI XE "Functional MRI (fMRI)" . The model should be designed from what is already known about the processes involved, and the images serve only to localize the process. For example, in the case of the deoxyglucose method XE "Deoxyglucose" , we first designed the model on the basis of known principles of enzymology and the results of basic biochemical and physiological studies in animals and man. All this was independent of and preceded any imaging techniques that were later used. The imaging techniques, first autoradiography XE "Autoradiography"  and then single photon emission tomography XE "Single photon emission tomography (SPECT)"  and PET XE "Positron emission tomography (PET)" , were added only to obtain localization of the metabolic process within the brain and played no part in the theoretical basis and design of the model. The fact that the imaging techniques allowed us to visualize the distribution and the levels of metabolic activities within the brain, and in colors of the rainbow too, was only a secondary gain. If, on the other hand, we had begun by injecting radioactive deoxyglucose and then examined the images, we wouldn’t have had much of an idea about what was going on. If one were to inject radioactive shoe-polish and image the radioactivity in the brain, one would almost certainly find patterns of distribution of radioactivity in the brain which might change with functional activation. One would not, however, obtain from the images alone any worthwhile information or useful knowledge about the nature of the processes involved that would allow one to design a model. Just injecting a radioactive compound and getting an image is not enough. It must be combined with basic fundamental research beyond the imaging in order to get meaningful information.

TB:
This is a reasonable note on which to end this interview.

LS:
OK.

TB:
Thank you very much for sharing all this information.

LS:
Thank you. It’s good to remind oneself of one’s past. XE "Sokoloff, Louis" \r "Sokoloff" \b 

 XE "Ban, Thomas A.:as interviewer" \r "Ban7" 
( Louis Sokoloff was born in Philadelphia, Pennsylvania in 1921.





