A Conversation with

Chiara Cirelli

Roger Bingham: We are in Seattle at Sleep 2009 with Chiara Cirelli who is a sleep researcher at the University of Wisconsin, Madison, associated with the department of Psychiatry as well. Welcome. You have, with your colleague, Giulio Tenoni, published some landmark papers, as they are being described recently. Let me just read to you from the summary, the first paragraph that Greg Miller did in science journal. He said “Sleeping to reset over stimulated synapses. The purpose of sleep is one of the toughest puzzles in biology. Some scientists think animals slumber primarily to save energy, others propose that sleep has special relevance to learning and memory. A newer hypothesis borrows from both sides suggesting that sleep dials down synapses that have been cranked up by a days worth of activity, because they take up more energy, they take up more space. The thinking goes: this synaptic cool down helps conserve energy and precious real estate in the brain.” Is that a pretty good summary? 

Chiara Cirelli: Absolutely. In fact, I have to congratulate him, the journalist, because it was really a very nice summary. The general idea is a simple one, although a very controversial one, and it is, indeed, across the twenty four hour cycle, sleep/ wake cycle, when we are awake, we tend to, by learning, to increase our synapses, to increase the strength of our synapses. To increase the net potentiation of synapses. 

Bingham: So we are making more connections. Stronger connections.

Cirelli: More, or the connections that are already there, I mean, become stronger, which is quite controversial, so this is a big assumption of our hypothesis. Many people in the learning and memory field recognize the issue of memory, really, to synaptic activity, but they really think that when we are learning something and, therefore, we are strengthening some synapses that are related to that particular learning. There must be, online, simultaneously, a mechanism that downscales and reduces the strength of other synapses. Because you always need to keep a balance in the total amount of synaptic activity. We are saying that, indeed, this balance is maintained, but not online at every second, but across the twenty-four hours. Meaning that usually during waking, you tend to have more potentiation and then that’s why you need to sleep, to counterbalance these potentiation and produce a generalized downscaling. So that’s the major, the core claim of this hypothesis, which I think, as a major advantage which is very clear and has very clear predictions and therefore can be tested and can be proven wrong easily. 

Bingham: How would you test it? 

Cirelli: There are many ways of testing it. This idea, first of all, is that when we are awake, we are always learning. And that is something that many people don’t realize, so it’s not that we only strengthen our synapses when we go to classes or we go to a lecture or if you are a rat in an experiment you have to learn how to reach for a sugar pellet. Every day, because you are awake, and you are exposed to an ever changing environment, your brain needs to adapt to that. So that’s learning all the time. And there are many evidence from the learning field that usually, though not always, but usually, learning does produce potentiation. In some cases, it’s true the learning is associated with LTD, so Long Term Depression, but overall, the rules and the evidence, en vitro and en vivo, is that learning produces potentiation. So we are saying, when we are awake, we learn all the time and that’s poised to produce net increase in synaptic strength. We are also saying this must happen in many, many brain regions because most of our brain, if not all of our brain, is plastic. So this is a diffused phenomenon. We are not only talking about a few neurons in the brain; this is something very widespread. 

How do you test it? It’s not so easy, at least it is not a single approach or method, probably that would satisfy everybody as the single most important way of measuring synaptic strength. So you use morphological anatomical approaches and now that we have big advances in confocal and two photon microscopy one very important way of doing that would be just going en vivo in, let’s say, mice that are engineered so that we can look at specific neurons and single synapses and really look whether day and night and sleeping and waking, the size of the synapses, or the number of the synapses is changing. So that is one possibility. Another possibility short of that is, because fortunately, there is a very good correlation between the strength of synapses, their size, so stronger synapses are usually bigger, so that means they have many more components, proteins, inside them. So one way is just to try to measure the amount of these proteins. That’s what we have done in rats, for instance, recently in flies. So one approach is to take the tissue, the brain, from animals, after they have been asleep for several hours continuously, or they’ve been awake for several hours, extract those proteins, synaptic proteins, and just measure their amount. And so one of the evidence that we have to support this net increase in waking and decrease in sleep is indeed the total amount of this synaptic proteins is higher in waking than in sleep.

The other way is more functional, more electro physiologically based. Synapses are the way neurons communicate and you can measure currents associated with the synaptic activity. Again, if the currents are higher, bigger, it means the synapses are stronger. And that is something that you can do, not easily, and we haven’t done that yet in flies because the electro physiology in the central nervous system, flies are very small. It is not easy, but we have done that in rats and in humans you can do something like that. In rats, you can stimulate one side of the brain and record the, so-called, evoked responses on the other side of the brain. And if you record the very early response, the one that really is measured in the direct connection from neuron A to neuron B, you can measure the slope and the amplitude, how big that response is. And that is a very established measure in the field of synaptic strength. That is what we have done in rats, for instance, and again we see that for the same amount of stimulation, if you this stimulation after the animal has been awake for a few hours, the response is bigger, so the slope of this response is steeper and vice versa. The same stimulation after sleep produces a smaller response. 

Bingham: Where was the genesis of the original hypothesis? Was it in the whole notion of homeostasis and bioenergetics?

Cirelli: It was triggered by some of this evidence, first of all that the sleep is very highly regulated, homeostatically regulated, and that we have one very useful and very established marker of sleep pressure and sleep homeostasis and sleep need which is slow wave activity. Which is basically how big, and how many slow waves are present during known REM sleep. Which is the largest part, seventy percent, of mainly non dreaming part of sleep. At the end, slow wave activity is measuring how tightly connected your neurons are, because it is only when they are very strongly connected that they can fire together, and therefore you record their activity as if it were just one activity; a simultaneous firing of all these neurons. So for us, the fact that this slow wave activity is very high at the beginning of sleep and especially is much higher if you have been awake a long time, is a reflection of the fact that the connection between these neurons has increased while you were awake. And by the way, it is also an indication, since slow wave activity decreases during sleep, is that sleep is doing something active to reduce the connection and the strength of the synaptic connections. 

So at the beginning the evidence was really mainly electro physiological, associated with this issue that are very well known about energy limitation in the brain, space limitation, now, I should say, all the evidence that we have right now is really in the adult brain so we don’t know because we have not done the experiment yet how this evidence, this hypothesis, translates to the developing brain, in which many, many things are different. For instance, we know in humans, as well as in mammals and flies, for that matter, that very early on after birth, there is a huge pruning of synapses, there are actually more synapses that have been eliminated in the brain than those that are formed. This pruning is only occurring during the first weeks after birth and is no longer present in adults. 

Bingham: And the reason for that hypothesis is? 

Cirelli: It is not an hypothesis, it is evidence, so we can think that during early on in life, in fact, this pruning process may be related to sleep, or it may not. Actually, because there is this pruning already occurring, which produced downscaling of synapses, maybe sleep is not necessary for that downscaling at that stage. But on the other hand, there is no data at all suggesting or not whether pruning during development does occur, maybe preferentially, during sleep or during waking. We just don’t know. 

I just want to point out that all the evidence that we have for now is for the adult brain. And in the adult brain, again, the synaptic activity is extremely expensive. Energetically, it accounts for at least seventy percent of the brain energy budget. The idea here that if it is really true that we increase our synaptic strengths every time we are awake, we can’t sustain that because if you really were going to increase from one day to another, it would become unsustainable, energetically speaking, very quickly. Space is also an issue, in the adult brain, again, because electro microscopy studies show very clearly that neurons and synapses are packed. There is no free space that could be occupied in the long run by more synapses being created or more synapses becoming bigger. So if you grow, something else has to be reduced. So that’s the major idea about that; the need for downscaling. 

Bingham: Is there an efficiency relationship there, because, plainly, if you have those constraints, than a more efficient system would help. 

Cirelli: Yes, a leaner brain. That’s what we think happens and the down regulation that we think is generalized, although we don’t really know if it’s occurring in all synapses, or in the majority, what we see based on our evidence is that it seems to be quite a large change when we measure, for instance, these proteins in flies, we see that basically most regions of the brain are undergoing this decrease in the expression of this protein. We think that it is quite widespread but whether this really applies to all one hundred percent of synapses, maybe eighty percent in some respect, we don’t know. The point is that the downscaling, we think occurs in a proportional way. So let’s say that everybody, all synapses, go down by ten percent when we sleep, so everybody becomes leaner and more efficient energetically, but of course the relationship between strength of synapses is maintained. So the memories that we know are associated with this connection and how strong they are, is maintained. Moreover, in fact, if you do this generalized downscaling, we can assume what is very, very weak, the smallest and the weakest synapses are going to be eliminated because there must be a threshold that after they are so weak and so small that they get pruned. 

Those synapses are most likely associated with noise, rather than with real signal. So the downscaling, most likely, increases the signal to noise ratio in the brain processing. And we think that very well may be one of the mechanisms in which sleep actually improves performance, as we know, in many different tasks. So we know that it is not an old task, but in many, in several memory tasks, sleep is beneficial for performance. Without invoking, and I’m not saying that there couldn’t also be an active process of actual potentiation of some circuits during sleep, related to consolidation of these tasks. But, in fact, even if we just assume an overall generalized downscaling of these synapses with elimination of the very weakest, related to noise synapses, that could explain, and we have done computer simulations to prove that, that mechanism by itself, is enough to explain increase performance which we have shown, for instance in some motor tasks in humans. Through this process, the brain, by sleeping, down-regulating synapses, could gain many things. Energy, space and also improve performance. 

There is another issue, in this way, sleep would facilitate memory consolidation, but the idea is also that if you become leaner and more efficient in your brain functioning, the next day, you are also much better off for learning new things. Sleep would also, of course, help in acquisition of new memories the next day. For this we have evidence in the sense that there is now data in mice and rats that was not that appreciated until a few years ago that even if you involve an animal and force the animal to learn a task, a relatively simple task, like a reaching task or if you involve a rat in a field conditioning task, or if you raise an animal in a very enriched environment in which it is exposed to a lot of stimulation, that’s enough to saturate, bring synapses very close to their level of saturation. Meaning that after the animal has learned this task, and you try to probe the strength of the synapses, and try in a non-physiological way, let’s say we have electrical stimulation, to farther increase their strength, you can’t. So synapses through just learning, or being exposed to a rich environment are getting closer to a maximum level of ability to strengthen themselves for that day. 

Bingham: I think people have been given the impression that the brain is almost limitless in the amount of information it can process. So this huge amount of neurons, you’re only using a little part of your brain. What you’re talking about here is essentially containers that if you pour something and keep on pouring something in it’ll eventually overflow and we’ll plug up and stop working. 

Cirelli: Yes, and you know a lot of these, I don’t know of much evidence, actually, supporting the idea that the brain is working at five percent. And in fact, all these evidence from an energetic standpoint and anatomical evidence is that the brain is working at a very high pace and using a lot of energy all the time, even in what we call baseline conditions. And we have more evidence now, from what I mentioned, from these learning and electro physiological studies. 

Bingham: Is there a parallel or some connection between the theory that Francis Crick and Graeme Mitcheson evoked at some point, which was that dreaming, for example, I think they talked about it as being an overnight clearing out. Like taking out the office wastebasket. 

Cirelli: Again, that was a very nice idea. I don’t know if we have any direct evidence for that. That idea was also specifically related to REM sleep while in our case, most of the evidence we have is for non REM sleep. Simply because non-REM occupies most of sleep and also in some animal models they were using such as flies, we actually don’t have any evidence of two phases, so we have just sleep. That idea was also of an active process of removing memories, basically, while these in our idea is really that during sleep, neurons are all more or less doing the same thing. Because they are, in mammals we know, undergo this slow wave, this slow filations, which, perhaps, for many electrochemical and physiological reasons is conducive to synaptic depression. Everybody’s doing the same. There is no specific erasing of some synapses. As I say it is probably a very generalized phenomenon so everybody goes down by the same amount and if you are very weak, you will disappear but there is no active, specific process. That’s what we think. Also because to me it would be very difficult to imagine how you can design from a molecular standpoint, a cellular standpoint, a process to target only some memories. This downscaling as we think of it, it’s a much easier mechanism to imagine because it is generalized.

Bingham: Some years ago I did a PNAS paper with a colleague, Penny La Cerra, and we also wrote a book called The Origin of Minds, which the fundamental premise was somewhat similar in the bioenergetic sense, in the various adaptations basically in your system are in service of maintaining your energetic bank balance in the blank, otherwise you’re an ex-organism. I think Read Montague did a paper recently and he talked about the fact that we are essentially batteries. We get rundown and then we need to get recharged. 

Cirelli: The focus here is on the brain because there is so much energy that goes into the brain to maintain activity, synaptic activity. There has always been the issue of whether sleeps also the body, of course, in addition to the brain. Of course sleep has a very beneficial effect for many body functions, but I think the brain especially needs this off period for energetic reasons. If it were only an energy issue, for the body, you could argue, why not just resting? So being immobile, but being in quiet waking, so still able to respond to the environment, not having to lose consciousness, which is for many animals and for us, also, a quite dangerous situation. So from an evolutionary standpoint, it is very difficult to imagine why would have sleep evolved rather than just rest and immobility if there weren’t something in the brain that really needs to be restored. 

Bingham: So in terms of a continuum there, you are making a distinction between, you use the phrase a resting brain or a sleeping brain. 

Cirelli: Yes, and that’s a fundamental distinction. So, rest, I mean for rest, just a state of quiescence, immobility of what we call in animals and in humans quite waking, but again you are still perfectly able to respond to the environment. The fundamental feature of sleep is that you are usually, though not always, we know from marine mammals, for instance, they move and can sleep with only half of their brain. But in general, in most cases, animals and humans, when they sleep, they are immobile but that is not the single most important feature of sleep. What is the single most important feature of sleep is a reduced ability to respond to the environment. And that is what defines sleep relative to quiet waking. 

Bingham: What about the debates that go on about whether sleep is an essential requirement? I’m thinking about the work with [unintelligible] where we see extremely long periods where there’s no apparent sleep, no sleep activity. Is sleep an absolute requirement for humans? Do we know? Can we say definitively, experimentally that you must sleep?

Cirelli: I think, yes, I am a strong believer that sleep is essential. As you know I wrote an essay on that arguing that all the evidence that also the reason claims about the null hypothesis, that basically we can sleep when we have nothing better to do, the evidence for that is weak, or nonexistent. So I would argue that all the animal species that are being carefully studied, and I would outline carefully studied, sleep has been described, and sleep is very highly regulated which suggests strongly that it must have a very important function. I don’t know of any evidence of an animal going without sleep for a very long period of time without consequences. You are quoting the marine mammals; there is evidence that a newborn, they can go without sleep for a long time. But, in fact, the evidence is that these animals can do what is called sleep swimming, circular swimming. So most likely, based on eye closure, they are sleeping with half of the hemisphere like it has been described in the adults. Though it is true that they are following the mother and they need to breathe so these periods are short, we have no evidence that these are not restorative periods of sleep. 

Though I don’t know of any evidence that is clearly showing that there are animals that can go without sleep. We have done, for instance, we have screened flies with mutations to try to find maybe a gene or a group of genes that can eliminate sleep and we never found that. We found mutations, for instance, the Shaker mutations, which is a gene that codes for potassium channel, has an extremely powerful effect on sleep. Flies with this mutation, that are lacking the channel, instead of sleeping twelve hours, they only sleep one to two hours. But they have a lot of problems, learning problems, motor problems, etcetera. They live much less, and if you go and look at the individuals, there are flies that, they, for three, four, even seven, ten days, they seem to go without sleep, based on what we can say. But then, either they recover sleep, or they die. I never found a fly that can go for two or three months, which is their usual life span without sleep and been tested in tasks in memory and vigilance and been fine. 

Another example that has been usually quoted, migratory animals, migratory sparrows. It is true that they can decrease when they migrate, so for several weeks actually, they can go down and sleep only one third their normal amount of sleeping in winter. There was evidence that if you test these sparrows in one task, they are perfectly fine. The conclusion was, well, these animals can do with just the thirty percent. But we have now new evidence that Dr. Ruth Benca, these aren’t published data, actually, if you test them in another task they are actually very poorly impaired. One has to be cautious in deriving a strong conclusion based on just one evidence. The same is true when there are claims that some animal’s sleep is not regulated. To look at the sleep regulation, you need to look in many different parameters because when we are sleep deprived and can finally go to sleep, we can increase the duration of sleep very often because of time limitation and the alarm clock goes off, we can’t change the duration but we can change the intensity of sleep. And if you don’t measure all these signs and markers of sleep intensity, you can’t be sure, and you can’t rule out that there is a change in sleep homeostasis. I don’t know of any extensive, comprehensive that any animal, or humans for that matter, can go without sleep. In humans, there are data showing that, yeah, some people are very resistant in one particular task after sleep deprivation, but if you test them in another task, they actually perform very poorly. 

Bingham: I sometimes, to goad scientists occasionally, I say, look, this is something everybody does everyday. Lie down, go to sleep. Why don’t we understand exactly why and what it’s for? 

Cirelli: As a sleep scientist, who has been doing this for more than twenty years, my entire adult life, I know it’s kind of a shame. It’s difficult, although I think now is a very good time to be in sleep research. I think a lot of the problems are really related to technology. I think that we are understanding that sleep is most likely a very important consequence at the cellular level. We need to look at single neurons and at single cells. The new methods, as I say, two photon microscopy, genetics, molecular biology, all these approaches that were not available even ten years ago are now very rapidly progressing. And I think for the field of sleep there will be great progress. And there is already a great progress. 

Bingham: I had a conversation with David Dinges the other day and we were talking about, as these things develop, and we develop more assays for figuring out whether the person is likely to be sleep deprived, likely to be a good performer and so on. This information could be misused and does this ever worry you?

Cirelli: It does and just today at the meeting we had a discussion about evidence of polymorphism in some genes. Period 3 is one of the genes that we know is important to determine some circadian rhythm, for instance, when we go to sleep, when we wake up. Quite surprisingly, in fact, variation in the population in the sequence of this gene have been found out to be associated, not so much with changes in rhythm, in the timing of sleep, but, in fact, in the resistance to sleep deprivation. So people who have one form of this gene, one variant of this gene, seems to be much better off when they’re sleep deprived than the other variant. So the issue is, well, are we going to screen for this, which of course is illegal. But also, is this something that applies to all kind of performance, all kinds of tasks, because from other studies, we know as I mentioned, some people can be very good in some tasks and not in others. 

So it’s a very, very complicated issue and we are just starting dealing with that because it’s really in the last few years that we are starting identifying some of these mutations and some of these variations. It is certainly clear, now, until perhaps ten years ago, we used to just pool all the data and then present all the data as average means, etcetera. Now we have in the sleep field much more appreciation of the fact of how variable all the sleep parameters, sleep deprivation, sleep intensity, response to sleep deprivation, is from one individual to another. Now we are paying much more attention to that and are starting identifying some genes that perhaps can underlie some of this variation and we are just at the beginning of this. 

Bingham: Well that’s a general problem that people would see with the whole experimental procedure, that there’s this averaging, searching for means, norms and so on, whereas, in fact, individuals get lost in the mix, there. In fact, the story’s often in the individuals. You talked there about the complexities of that, I would add to that just one other example, you find people who are genetically predisposed, caffeine metabolizers, where they metabolize it very well while others do not. As soon as you start taking this experimental evidence and taking it into the work place, the home, the school, and saying is there anything here that would allow me to make some sort of sensible policy that would improve human flourishing. What’s the good prospect here? Do you have any sense, from the work you’ve been doing of what you would tell or advise a secretary of education or if you were Secretary of Education, what you would do in terms of school curriculum, timing of day?

Cirelli: Well, the first of all to make the point, which is still not easy to convey in situations that sleep is very important. Different people may need different amounts of sleep. And because, I say then, I’m ashamed to say that we still really have put understanding really of what sleep is for, although we have these ideas, for instance, this hypothesis, but we agree that sleep is very important. But that also different people may need different hours. So on one hand, it’s a little bit misleading to dictate that everybody should have at least seven hours of sleep because some people may need less and some people may need many more. The only practical way to find out how many hours is to ask people whether they feel restored or not. You need as many hours as you need to, when you wake up the next morning, to feel fine and ready to go. That is the simplest answer. There is evidence that the timing of school, for instance, change the timing based on how we know now that the circadian clock and the need for sleep changes across the first ten, fifteen years of our life made a huge difference. There is new evidence that just changing one hour of starting school hours could make a difference. These are policies that are maybe relatively easy to implement on a general level, that young kids need more sleep than older adults, that’s an easy sell. But when we are looking at individual differences, and how we should try to identify people, and try to help people to work in the best possible way, but considering their problems, their differential susceptibility to sleep deprivation, that’s still very difficult. 

Bingham: Except, obviously in some of the more overt things where you have something like obstructive sleep apnea and you can use C-Pap machine and that seems to help.

Cirelli: But even that seems to be quite difficult to implement. For instance, I’m not sure that we are very effective in screening the population. For instance, truck drivers, I was just at a lecture with Dr. Czeisler today, and he quoted evidence that, of course, most truck drivers in the United States are over weight and yet if you ask them how many of this population suffers from sleep disorder breathing, the percentage is very small. But is it because they are afraid of telling the truth or is it really true. So it’s very, very difficult even to get real quantitive information about how large this issue is. 

Bingham: If you think back to the genesis of that, you and Dr. Giulio Tenoni, colleagues for twenty years now, was this the first major area of interest for you? How did you get into sleep science?

Cirelli: I got into sleep because I studied in Piza, in Italy, where there is a very longstanding tradition in studying sleep. Giuseppe Moruzzi who discovered reticular activating system, so one of the major arousal promoting systems in the brain was in the department of physiology where I started. So I fell in love with sleep in my first year of medicine and I never left. 

Bingham: So you went to medical school. 

Cirelli: Yes I went to medical school first. In Italy you go to medical school first for six years then I did my Ph.D. in neuroscience in sleep in Piza also for four more years. 

Bingham: Why did you go to medicine in the beginning? Was there family background there? 

Cirelli: No, because in Italy, if you want to study the brain, you have to go, basically, to medical school. At that time, all this molecular biology and new methods were still not available. So my early focus was on the mechanism of regulation of REM sleep but as soon as I moved to the United States in ’96, and all these new areas of molecular biology and the ability to screen for hundreds of thousands of genes and how they were changing in the brain between sleep and waking became available, that’s where we started. We were actually one of the first labs to do this comprehensive, exhaustive analysis. Is it true that genes are changing their expression between sleep and waking? When we started doing this, people were absolutely skeptical. At that time, all the changes that had been described were after relatively no physiological situation, or pharmalogical stimulation or electrical stimulation, etcetera. We were just comparing brains after normal sleep and normal waking and sure enough we found hundreds of genes that are changing in the brain just because of the state. And among those genes, a large group that we found was actually coming out in mice and rats and flies where these genes were related to plasticity. Genes that are involved in synaptic potentiation were up in waking and those more related to depression, synaptic downscaling, in sleep. So that was, together with the change in slow wave activity that I mentioned, one of the early evidence we had that then triggered this hypothesis. 

Bingham: Let me ask you a rather simple question, but I get asked this all the time by folks. They say, well, if the brain is plastic, and then I have to explain what plastic means, malleable, changeable, how is it possible for me to have any enduring memories? 

Cirelli: Well, that’s a tough question to answer.

Bingham: But sleep is connected with this, as well. 

Cirelli: Sleep is connected, yes, it’s very much connected, and we don’t know at the molecular level still how we can keep despite the turnover, the change in the protein level of synapses, how some memories are conserved. It’s certainly something at the molecular level. There must be some kind of tagging, perhaps, that is marking memories at the level of single synapses that is maintained. It’s just unclear right now, but I think it won’t take more than ten years to get to a much clearer picture of this exactly because of all these methods, en vivo methods that we have to follow single synapses in the same animal before and after a learning experience. Evidence is coming out, not related specifically to sleep, but just how memories could be maintained. I think that is an area that is very rapidly progressing. 

Bingham: Let me ask you for sort of a summary sentence. Are you optimistic about the field? What do you think of the major areas where we might see some of that?

Cirelli: I am very optimistic, as I said, because of all the technical methods now that are available that were not available before. The function of sleep, the implication, the effects of sleep deprivation, those are major areas that the policy issue, I think, as soon as we have more evidence of what really sleep is for, it will be easier to make the case that we need to really protect sleep as much as possible in the work place, for instance. 

Bingham: Chiara Cirelli, thank you very much. 

