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PAUL GREENGARD

Interviewed by Eric J. Nestler

San Juan, Puerto Rico, December 1996

EN: We are at the annual meeting of the American College of Neuropsychophannacology in San Juan, Puerto Rico. It is December 1996. My name is Eric Nestler. I'm a Professor of Psychiatry at Yale University and it's my pleasure to introduce Dr. Paul Greengard.(  I had the honor of being a graduate student in Paul's lab in the late 1970's and early 1980's, so it's a particular honor and pleasure to be interviewing you today.

PG: Thank you.

EN: I'd like to start by asking you to comment on what you think your major contributions have been in the scientific arena, perhaps, starting with the area of cyclic nucleotides.

PG:  In the cyclic nucleotide area, the most significant contributions we made were the discovery of several neurotransmitter sensitive adenylyl cyclases. In other words, we found that when we prepared membrane preparations a variety of neurotransmitters that had previously been unknown with respect to their mechanisms of action had increased the level of cyclic AMP. The first of these adenylate cyclases that we studied was the dopamine sensitive adenylate cyclase, which, as we learned later on, was attributable to the D1 subclass of dopamine receptors. This was a rather important observation, because at that time it was a total mystery as to what happened when a neurotransmitter combined with its receptor. In fact, it was even argued by several people that there was no such thing as a receptor.

EN: Right. Now, turning back the clock 30 years, we've talked many times that a neuron is like a black box. Neurotransmitters would bind on the outside of the neurons and produce effects on the cells. But how they would actually produce those effects was completely unknown and finding the coupling with the adenylate cyclase was a major advance in that area. 

EN: What prompted you to first look at that? 

PG: That was the work of Earl Sutherland, who had been studying the mechanisms by which glucagon and epinephrine, which control carbohydrate metabolism, caused the production of glucose in liver and muscle by breaking down glycogen. That was a very beautiful series of studies which I followed from the time I had been a graduate student. Then, during the five years I studied in England, I continued to follow that literature. And, the thought occurred to me that the way hormones work in the periphery might have counterparts in the way that neurotransmitters might work in the central nervous system. It sounds sort of trivial now, because it's so well established, but it was by no means clear at the time that there was any homology whatsoever, between the endocrine system and the nervous system. And, as you said, people just considered the nerve cells a black box and had no idea in terms of the biochemical sequels what happened when a neurotransmitter attacked its target cells.

EN: Very shortly after you began looking at neurotransmitter coupling to second messengers like cyclic AMP or cyclic GMP, you began looking at the next step of signal transduction; at protein phosphorylation. What prompted you to look at that?

PG: What got me interested was that I heard a lecture by a man named Don Walsh, working at the time in the laboratory of Ed Krebs, who described how cyclic AMP caused the activation of this protein kinase, which they called cyclic AMP dependent protein kinase, that they thought was probably involved in the mechanisms by which norepinephrine and glucagon broke down glycogen. In other words, it was a follow up on the work of Sutherland.

EN: To get to the next step?

PG: Taking it to the next step in this signal transduction sequence. And so the possibility occurred to me that, perhaps not only the first, but also other steps might be homologous in the brain to what occurred in the periphery. They had shown in liver and in muscle that this enzyme existed and since I was interested in how the neurotransmitters might affect target cells in the brain, I wondered whether this same enzyme might be present in the brain. So, my colleagues and I tried to find out whether there is cyclic AMP dependent protein kinase in the brain; we not only found it was, but also that it was present in much higher concentrations than in the periphery.  In addition, when we did subcellular fractionation, we found it was enriched in fractions that contained a lot of synaptic material. So, that gave us a lot of confidence we were on the right track when we hypothesized these neurotransmitter sensitive adenylate cyclases and the protein kinase might be involved in mediating the actions of neurotransmitters.

EN: You mentioned previously that that notion was far from clear at the time. How did the scientific community and the neuroscience community, in particular, respond to your proposal of an important role for second messengers and protein phosphorylation in mediating the effects of neurotransmitters?

PG: Well, it did not respond homogenously. I would say that a large majority of people greeted this concept with a scathing response, to put it mildly. Interestingly, Earl Sutherland, with whom I had spent six months studying, thought that the idea might be right and said, even if it's only 90 percent right, it would be terribly important. I was quite sure my study was right, but since so many people were opposed to this possibility, it was nice to have a man, for whom I had such tremendous respect, support this as a realistic possibility. It took a remarkably long time until it was generally accepted, which had both disadvantages and advantages. The disadvantage was that people believed we were talking a lot of malarkey. The advantage was that, for almost 15 years, we had basically no friendly competitors in the field, and so it was possible to systematically work out a great deal of the basic principles of signal transduction in the brain without competitors helping us.

EN: When I was in my early stages of training, I think the general view was that cyclic AMP and cyclic AMP kinase were mostly involved in regulating metabolic processes in the brain and not regulating synaptic transmission, which was your original proposal. When would you say that finally became accepted, when did the majority of the scientific community come around to your point of view?

PG: It was a very gradual thing; it was incremental over many, many years and in many small steps. Probably, the most critical period in bringing over the majority of people to the idea that what we were saying was correct was when we published a pair of papers, one in collaboration with Felix Strumwasser and the other one in collaboration with Eric Kandel and Vince Castellucci, in which we were able to show that injection of the catalytic subunit of cyclic AMP dependent protein kinase into the target cells, was able to mimic the effects of the neurotransmitter in producing a physiological response.

EN: So, that was really the first direct evidence that a protein phosphorylation mechanism would regulate ionic conductance?

PG: Actually, slightly before that we'd been able to show, using avian erythrocytes, which have an isoprotenol-sensitive ion exchanger, that cyclic AMP dependent protein kinase regulated that. But people are not too interested in the regulation of avian erythrocytes, and even less willing to draw general conclusions from them about what is taking place in brain. And that is a reasonable basis for skepticism.

EN: Although, some of the mechanisms did turn out to be homologous.

PG: Very much so, yes.

EN: It wasn't too long after your discovery of the importance of the prevalence of cyclic AMP kinase in the brain that your laboratory also found other protein kinases in the brain.

PG: That's correct. The next enzymes we found were two more protein kinases.  They were actually discovered by our group in the brain, and then shown to be present in other tissues. The first one was cyclic GMP dependent protein kinase. When we were purifying cyclic AMP dependent protein kinase from lobster muscle, we found another peak which came off a column. So, we had these two peaks and found that one was preferentially activated by cyclic AMP, whereas the other by cyclic GMP. And, that led us to characterize this new class of protein kinase, which mediates the effects of a different set of first messengers and neurotransmitters than the cyclic AMP dependent kinase. The next enzyme our lab discovered was the one which is now recognized as the calcium calmodulin dependent protein kinase, which turned out to mediate many of the effects of calcium in the target cells.

EN: Most textbooks of neuroscience, written today, would describe protein phosphorylation as the major molecular event with which changes in signal transduction in the brain are mediated and that, certainly, was a view that arose from your discoveries. At what point did you realize the widespread importance of phosphorylation, because this apparently, is the important cyclic AMP mediated mechanism?

PG:  Lett me change your question slightly; when did I first hypothesize or believe that it might be important. That was very early on in the late sixties and the early seventies. I remember, I was on vacation with my family and I was explaining what I was doing in the laboratory to my son, Leslie. As I was explaining it, I realized that this protein phosphorylation process might not only be important in brain function, but in mediating every type of biological regulation. And then, I have to say, I strongly suspected it had tremendous variety of uses, but even the broadest way of thinking that did not compare with how broad it was in reality. I had no idea, at that time, that tyrosine protein kinases existed or that they would control cell division. Basically, I felt there are all sorts of processes regulated by phosphorylation, but I did not think that every biochemical pathway would be controlled by it, which is the way it is.

EN: In fact, something like 60 or 70 protein kinases have been cloned and virtually every cellular process is regulated in a fundamental way by phosphorylation.  Then, very early on, you began to examine some of the substrates for these protein kinases and, here too, your lab was probably the only lab, in the early days, looking at that type of thing. Tell us what drove you to look for those substrates and something about a couple of your favorite substrates you've looked at over the last few years.

PG:  The work we did on the brain, as I said, derived, in part, from the work that Earl Sutherland had done with adenylyl cyclase in forming cyclic AMP and the work that Ed Krebs had done in showing that cyclic AMP dependent protein kinase phosphorylated an enzyme, which broke down glycogen. But those didn't seem likely to lead down the path to understanding neuronal function in the brain. I thought there must be substrates in brain for the protein kinases, which could account for the actions of neurotransmitters and so we started looking for substrates and prepared different subcellular fractions. It was in the very early days of SDS polyacrylamide gels. Ed Johnson, a graduate student in the laboratory, was assigned this job and he did indeed find a very weak band on the gel. We purified this and it turned out to be a protein that, at the time, we called Protein 1, because it was the first phosphoprotein we found in the brain. And then, some years later, when we identified it as being in the synaptic region, we changed the name to Synapsin 1 and, in retrospect, the reason for that was that we found Synapsin 1 is present on all of the small synaptic vesicles in virtually all nerve terminals in the brain. So, the Synapsins are incredibly abundant. Synapsin 1 and Synapsin 2, together, represent one percent of total neuronal protein. And, since they're so abundant, that's why we discovered them first.

EN:  You've learned quite a bit about what functions these proteins serve in brain with the development of your Synapsin knock-out mice and also, some of the neurodevelopmental aspects. Maybe you can comment briefly on what functional role this band on a gel ended up playing.

PG:  Considerably before we had the knock-out mice in the lab, a major step forward was made by collaborating with Rodolfo Llinas at NYU. He's one of the world's great authorities on synaptic physiology and, particularly, on synaptic transmission in the squid. So, we undertook a collaboration in which we injected the dephospho and phospho forms of Synapsin 1 and showed that the phosphorylated form was ineffective but the dephospho form totally abolished neurotransmitter release. Next, we injected the kinase, which converts the dephosphorylated form into the phospho form and showed that it caused an enormous increase in neurotransmitter release. That provided very good evidence for the concept that the state of phosphorylation of Synapsin 1 controlled the efficiency of release. Then we were able to go on and discover molecular mechanisms by which it does that. Although this story is not final as yet, it seems as though the Synapsins regulate the neurotransmitter release by cross-linking the vesicles to the actin cytoskeleton so that they are not available for release. And then, when a nerve impulse comes along, it raises calcium levels. This activates a calcium kinase which phosphorylates Synapsin, and the cross-linking of the vesicle with the actin cytoskeleton is disrupted and the vesicles are now available for release.

EN: Do you see Synapsins as being a major mediator of pre-tetanic potentiation and other processes where prior nerve impulses do lead to facilitation and subsequent nerve transmission?

PG: Yes, we think they are one of the major molecular bases for synaptic plasticity, that the efficiency of synaptic transmission is determined by the previous history of that nerve ending, and a major way in which that is achieved is through the Synapsin regulation of the number of vesicles available for release.

EN: What are the other major substrates your lab first discovered and then studied, such as DARPP32? 

PG: After we had found the Synapsins and had obtained good evidence for their role in physiological processes in synaptic transmission, I wondered whether it might be possible to show that different phosphoproteins were localized in different regions of the brain, in different nerve cell types. At that time, Ivar Walaas and Angus Nairn started looking for phosphorylation in different regions of the brain and they found that the striatum had several substrates for a cyclic AMP dependent protein kinase. The reason this was so prominent is because the striatum is relatively large and relatively homogeneous, so, just like Synapsin 1 is a dominant protein in the whole brain, DARPP32 is a dominant protein in this region, simply because 95 percent of the neurons, which are called medium spiny neurons, contain DARPP32. After we found that cyclic AMP dependent kinase caused the phosphorylation of DARPP32, we started looking at intact cells in slices to see whether the neurotransmitters there might regulate DARPP32, and it turned out, as we had hoped, given the location of this protein, that dopamine was able to regulate it.

EN: The studies that your lab has performed on DARPP32 have provided important insight into the mechanisms of signal transduction within the basal ganglion, how it is that D1 and D2 dopamine receptor mechanisms can interact with one another and interact with glutamate?

PG: When we first found this protein, we called it DARPP32, because it was an acronym for dopamine and cyclic AMP regulated PhosphoProtein-32. It's now clear it integrates inputs from a large variety of first messenger systems so that name is a bit anachronistic. But, the name DARPP32 is well established and it didn't seem right to change it. But certainly our understanding of this pathway now is that DARPP32 and the downstream effectors for DARPP32, provide a major role for mediating the actions of different first messengers, including the dopamine pathway, and, perhaps even more important, integrating the actions of these different pathways. I might mention that just as DARPP32 turned out to be much more important than just the dopamine pathway, the Synapsins have turned out to be much more important than just regulating neurotransmitter release. It's now very clear from studies we've done in the last few years, that the Synapsins play a critical role in synaptogenesis. The higher the level of Synapsins, the faster the Synapses are formed, and the lower the level, the more slowly they are formed. If you remove Synapsin from nerve cells during development, they don’t grow axons.  If you wait until they grow axons and remove the Synapsin, they don’t form Synapses.  If you wait until they form Synapses to remove the Synapsin, the Synapses disappear, and if you now let the Synapsin re-express itself, the Synapses grow again.  So, it’s clear the Synapsins play a very critical role in the formation of and stabilization of Synapses.  We also believe that various neurotrophins have a component of their trophic actions mediated through the Synapsins.  So, from starting as a band on a gel and then to transmitter release, this molecule has gone a long way.

EN: Absolutely, and provided new paradigms for other people’s work, as well.  I’d like to shift gears and ask you different types of questions. In addition to your scientific contributions, another way to measure your contributions to the field of science is all the trainees who have been in your lab. You’ve had a big lab, and do you have an idea of how many post-docs and grad students you’ve had in your lab since your early days at Yale, and, now, through Rockefeller.

PG:  Well, I stopped counting after 10,000!  Seriously, I would guess it’s about 200 post-doctoral fellows or graduate students that have been through the lab.  It probably averages about 6 to 8 people a year.

EN: You mean turnovers.

PG: Turnovers yes.

EN: I remember when I was in the lab there were a relatively large number of people from other countries.  You can probably comment on that aspect.

PG: We’ve had a number of people from all over the world, which has made it a very pleasant lab.  We have had an international community and sometimes we have these cooking days where people bring in food from countries all over the world. In old days, men’s wives used to bring the food in, but since half the lab is now women, the members of the lab or their significant others bring in food.

EN: Pretty much every continent is covered, I think.  Where have your trainees gone on to over the years?

PG: Many of them have become very distinguished leaders in the field, as you, for example, a Professor at Yale University, and that gives me great pleasure. And there are two other full professors at Yale now, who trained in our laboratory.  We have people who are now full professors at Harvard and Stanford and Cal Tech, in Chicago, and Hopkins and so on.  Some people have become directors of research in major pharmaceutical companies. It’s been a very gratifying part of my work. First of all, I love working with younger people.  It keeps you on your toes all the time, keeps your mind stimulated continuously and stops you from getting too rigidly set in your ideas.  It’s been very gratifying to see these young people succeed, because, in a certain sense, you feel like they are part of your family and your children.

EN: Absolutely. When you go around the country, probably in just about every city, there are trainees from your lab; it must be very gratifying.

PG: I only go to cities where there are former trainees.

EN: The other thing that has always struck me has been the career path you took to where you are today. When I began working in your lab, it became clear to me that you started out in the pharmaceutical industry, and then made the move to academia. That is a direction very few people make. Some people start out in academia and move to industry, but very few do it the opposite way.

PG: Yes. After I finished my training at Johns Hopkins, I went to England and did post-doctoral studies there for 5 years. When I came back, I was offered and accepted this position at what was then Geigy Pharmaceuticals, because I was excited about the possibility of using my scientific training and knowledge to develop drugs that would be useful for folks. And, the reason I left was because I found it rather difficult or frustrating to have what I considered a very exciting idea but have to persuade a committee to pursue the path I wanted. Although some of the time I was successful, sometimes I was not, and it was very frustrating to be convinced you were going down the right pathway then have an organic chemist, a physiological pharmacologist and a clinician tell you they didn't like that idea and not be able to persuade them of it's originality. So, I thought I would be able to do the things I wanted to do more readily in academia. It had nothing to do with basic vs. applied research. In fact, in some ways, my efforts in the drug development area were more frustrating, because it required more of this teamwork I was talking about.

EN: So, what was the actual process by which you went from industry to academia full time? Didn't you have a couple of sabbaticals in between when you made that transition? 

PG: I took a job at the New York Institute for Mental Retardation on Staten Island. The Director was one of the leading figures in Downs research at that time. But, the Institute was not ready then. During the year, while it was being built, I had this half year at Albert Einstein College of Medicine in the Bronx and a half year at Vanderbilt University. During that year, they offered me a professorship at Yale, so I asked the New York Institute Director if he would object to my taking that position and he said, no, it's a wonderful opportunity and I should do it. So, I went directly to Yale without ever actually having been at the Institute on Staten Island.

EN: And, it was during one of those brief stints that you worked with Sutherland?

PG: Yes, it was that second six month period. He was at Vanderbilt and I went there; the main project we did was in collaboration with Sidney Colowick and Osamu Hayaishi and we were able to demonstrate that cyclic AMP was a high energy compound. In fact, you could make ATP from cyclic AMP. It had that high energy.  Also at the time, working with Al Robinson, we began to look at cyclic AMP formation in the brain but we didn't get very far with. The first project, measuring the free energy of hydrolysis of cyclic AMP, was going so well I finally spent my full time at Vanderbilt on that.

EN: Let me ask you about your earlier training. You grew up in New York?

PG: Yes.

EN: And, where did you go to college?

PG: I went to Hamilton College in upstate New York, which is where my father and my uncle had gone. In those days you went where your parents told you to and the possibility never even occurred to me that I might go anywhere other than Hamilton College. I knew from the time I was 4 years old, that's where I was going to college.

EN:  Where did you go for your graduate work?

PG: Hamilton was a very broad, excellent school.

EN:  It's a large college..

PG: At the time, I'd majored in mathematics and physics. First, I went to the Department of Biophysics at the University of Pennsylvania. I decided that I'd like to use my knowledge of physics to apply to medicine, because that was not long after the second World War and I didn't like the idea of using whatever talents I might have in physics to increase knowledge that could be used for the development of more destructive weapons. Insteead the idea appealed to me of doing medical physics. And, at that time, there were only two departments in the country. One was the Radiation Laboratory at Berkeley, which was doing radioisotope tracing and the other  was the Department of Biophysics at the University of Pennsylvania. That department was headed by Detlev Bronx. Soon after I got there he announced he was going to become the President of Johns Hopkins. So, he moved a bunch of us with him to Hopkins where a man named Keffer Hartline, a Nobel Laureate on vision, chaired the department and Detlev was the President of the University. I did my PhD in Biophysics there.

EN: What was your PhD on?

PO:  At the time that I was beginning to look for a thesis, Alan Hodgkin came through.

EN: Of Hodgkin and Huxley?

PO: Of Hodgkin and Huxley. It was before their classic work was published and he described the ionic basis of the nerve impulse. The department I was in was very biophysically oriented and I thought, in looking at the situation as a graduate student, that Hodgkin and Huxley had  made a tremendous discovery and I didn't see any way biophysics would move beyond where they were for decades. That turned out to be a correct prediction. So I decided what I would like to do would be understand the biochemical basis of changes in membrane properties, membrane potential and action potential and so on. I persuaded my mentors in the department to let me work in that area and I got Sidney Colowick, who was a very distinguished biochemist and wonderful human being, to help guide my thesis. He, as the biochemist, and a man named Frank Brink, an electrophysiologist, and I did my thesis on the biochemical basis of axon degeneration.

EN:  That theme helped through the rest of your career; the biochemical basis of neurofunction.

PG: Yes, except for the gap when I was at Geigy for 8 years. During that time, because I was head of the biochemistry division, my responsibility was the biochemical component of drug development in whatever area the company was working, so my activities were not only in the nervous system but several other areas. But, when I left Geigy and went to Yale, I went back to trying to understand the biochemical basis of nerve cell function, what today we would call signal transduction; although that terminology wasn't used in those days.

EN: Let me finish by asking where you see the field of psychopharmacology developing over the next decade or so, both in terms of advances in basic neuroscience and how that information will contribute to clinical treatments?

PG: There are now a vast number of signal transduction processes known. There's not only the first messenger, second messengers, second messenger-regulated protein kinases, there's the Jak-Stat pathway and the Ras-raf pathway. And there are many hundreds of protein kinases, all of which need to be cloned and characterized. And I've long had the belief that most diseases are going to be diseases of regulation because you can't have diseases of critical steps. For example, if you had a mutation so you didn't have any nicotinic acid receptors, it would be lethal. So, it's seemed to me for decades that most diseases are going to turn out to be abnormalities of these modulation processes. You don't function quite as well and then they eventually manifest themselves in the frank expression of the disease. With the human genome project, we'll get to know the basic effects in many of the major diseases and this is going to involve a lot of signal transduction components, so the knowledge being obtained on these will be of great value in designing new drugs.

EN: Do you think that there will be potential for identifying drugs or other types of treatment that manipulate or take advantage of some of these signal transduction pathways?

PG: I think so, yes. There are a number of examples already, but it's hard to see just where they're going to come from in the future, because it's impossible right now to make really wise guesses as to which pathways are going to be defective in the various diseases.

EN: OK, I think we're all set. Thank you very much.

PG: Thank you.

( Paul Greengard was born in New York, New York in 1925.








