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Physical Factors That Influence Nature (slide 1)

Life evolved on this planet over the past 4.8 billion years. During this time, there have been many physical and chemical changes on the planet, including temperature, the nature of our environment, the atmosphere. All of this has changed many times. Those changes have either eliminated some forms of life or selected other forms. In those selected forms of life there has been left a residual message of adaptation. How do they deal with those kinds of changes? How do they deal with a change in ph? How do they deal with a change in temperature? And there are very identifiable genetic signatures for all of this.

The notable difference with regard to the space program is that G has never been variable on this planet. G has been consistent at 9.8 m/sec2. So the cell itself is not preprogrammed to respond to changes in gravity. By virtue of its existence, gravity has shaped certain things that take place. But there should not be an expected adaptational response due to the fact that it has never changed.

Physical Factors That Influence Nature (slide 2)

This is a brief overview of physical factors. There are cells and organisms that adapt and maintain themselves extremely well in some very arduous thermal environments. Thermophilic organisms like the heat, do better in the heat, and can withstand a tremendous amount of heat—any one of those characteristics or all of them. Some of them can withstand it but do not do well with regard to replication. Psychrophilic organisms: These are what grow at the ice-water interface at the Antarctic shelf. It’s an incredible garden, a variety of organisms, all the way from what are believed to be nanobacteria to algal forms that you would not expect could survive that kind of environment. 

With hydrodynamic shear, we are looking at estuarial ecology, whether it’s rapidly flowing streams, or slow ones, it does not really matter. Shear is there. The deeper you go in the water, the greater the hydrostatic pressure. Pressure becomes an issue.

There is no gravity-driven convection in space. Warm fluids do not rise, cold fluids do not fall. A much weaker convective force remains due to surface tension.

Mechanical impacts: things that get hit frequently. Vibration: we are just beginning to understand the influence of vibration. For the past 40 to 50 years, there was not a lot of attention paid to vibration. 

Here on Earth, there are a number of ionizing radiations for which we have a fairly good understanding of their biological impact, whether we are looking at beta, alpha, or gamma emissions, X-rays. The really unique thing is, when you go to space, you have the real problem of cosmic radiation, and the nature of that radiation is substantially different from what you experience here. 

Microgravity has both direct and indirect effects which will be discussed in the next slide.

Microgravity (slide 3)

We are most interested in microgravity’s indirect effects. Convection: ???? Sedimentation: a lot of cell-based systems rely on being anchorage-dependent or at rest against a surface. They work within a solid-liquid interface: they metabolize, they lay down matrix material, they do a number of things under those conditions. When we take away a cell’s ability to interface with a surface, we begin to understand what the role of that particular interaction is. Interestingly, as the cell makes its adaptational response to not being sedimented against a surface, it begins to make its own surface to work with, and that is where we get to tissue morphogenesis. 

Diffusion limitation: If there is no convection, then how do nutrients that are removed from the culture media around a cell get replaced? That becomes a problem. 

The only direct effect of microgravity that we are aware of is shape change.

Thermophiles 1 (slide 4)

Thermophiles are found in environments such as hotsprings, ocean floor thermal vents, aqueous and gaseous thermal pollution, and adjacent to volcanos. This is Pyrodictium. Its optimum temperature for propagation is 105°C. It lives in a thermal vent. These organisms are truly amazing given the ability of their macromolecules to withstand enormous sweeps in temperature. When we search for life and we look at extreme environments in other planetary systems, it should be no surprise if we find life or the remnants of life that can withstand these conditions.

Thermophiles 2 (slide 5)

This Cyanobacteria is in a hot spring that, after centuries of functioning, has deposition along the edge. This deposition is from an organism that produces a carotenoid pigment—it’s similar to a beta carotene, but it’s not. In the zone at the periphery, there is an optimal 70°C temperature, and that is where you find the organism. It’s on the periphery, not in the center.

Psychrophiles (slide 6)

Chlamydomonas are psychrophilic organisms. They are algae, known as snow algae. They can grow easily at about 15°C, but they will even grow below freezing. They have an antifreeze type protein system. Genetic engineers are very interested in these types of organisms, because if they can get this gene inside a citrus fruit, then growers would not lose the crop when there is a freeze. At higher temperatures—20°C, which is not that warm—the organism does not want to replicate.

Three Abiotic Factors and Selected Microorganisms That Grow Under Extreme Conditions in Nature (slide 7)

Let us look at some microorganisms that are able to survive in extremes of temperature, pH, and osmotic pressure. Osmotic pressure is something we have used for centuries to preserve certain kinds of foods; jerky, for example. It’s so heavily salted that microorganisms cannot grow; it has to exceed the 27 to 30 percent sodium chloride range that would allow these types of organisms to grow. 

So, you can see that these extreme osmotic pressures will prevent bacterial growth in most instances, but they do not under these conditions, with these types of organisms. Some of these species are familiar to you: Saccharomyces is the yeast that is used for bread; also, it’s the yeast used for making beer, for fermenting molasses to make rum. Candida is another ubiquitous species. I do not know which specific Candida species it is that has that resistance to the level of sugar [60 percent] shown here. That is why preserves, jellies, jams have so much sugar, because very few organisms can grow at that level. It’s a natural preservative that has been used now for centuries.

When you look at pH, you can see everything all across the board. Vibrio cholerae is the organism that causes cholera. It’s famous in that it has that very basic optimum pH that it lives in. Rhodotorula is a yeast that has a kinase cell wall. And, in fact, it’s one of those organisms that likes to use hydrocarbons as a sole source of carbon, and will find itself growing in a jet fuel-water interface—along with Pseudomonas and a few others that can do this. You can see just in this little sampling the very extreme physical environments that still allow life to go on, adapt, propagate; having been selected so that they could actually do this.

More Examples of Adaptation to Extreme Environments (slide 8)

The interesting thing, for us, about these microorganisms is, their entire cell can be synthesized, strictly from organic salts and gases: carbon dioxide or nitrogen. We can take those and synthesize the entire organism from them, as long as they have a few essential salts. 

Why do we mention these? When you look at an environment like the surface of Mars, you consider the temperature range and the atmosphere, and so far there is no definitive evidence of any overt organic material around. It does not take a heck of a lot for these kinds of organisms to establish themselves. They do not have a lot of requirements. So this means two things: first, these characteristics are important for us to understand in looking at what we might be searching for in the way of life. Second, we might be able to use these organisms in those kinds of environments to create a bios to lay down a basis for biological diversity, starting with chemo and photo autotrophs. Photo autotrophs do the same thing as chemo autotrophs but get their source of energy from light.

Hydrodynamic Shear 1 (slide 9)

This is a force created by fluid moving past a fixed object or an object moving at a greater or lesser rate or in a direction opposing the flow.

We mentioned estuarial organisms earlier but not cells in the vascular compartment. These are red and white blood cells, the endothelial cells that line those vessels. They really do respond very well to a fairly violent environment of hydrodynamic shear. These are cells that are designed to withstand that, but they go even further. 

If you look at endothelial cell maturation, starting from immature cells—poorly differentiated—to those that are fully differentiated in culture, you cannot get there from here without invoking hydrodynamic shear. You actually have to shear the cells. When you shear them, they express certain sets of genes that allow them to become much more mature. Not only do they withstand this, but they actually need it. Therefore, we ought to understand that, for certain types of cells, we have to be able to put shear back into the process if we want to grow pieces of tissue, for example, that have the endothelium in them. There is also a possibility with cells within the bone marrow itself. The sinusoids of the bone marrow is a very slow percolation process, and there are investigators today who believe that that percolation process really does provide shear which is essential for maturation.

Hydrodynamic Shear 2 (slide 10)

Some of the negative effects of shear: Most of the cells of the body do not like hydrodynamic shear. It results in death. Or it results in substantial changes in membrane composition. Cells become stressed under those conditions. Often they produce a lot of extra cellular material. You can change signal transduction, in those cases. The ability for a cell to respond to a specific ligand and transduce a signal to the nucleus can be substantially affected.

Positive effects: it supports mass transfer. As mentioned earlier, it can support differentiation, particularly of the endothelium and some of the other cells of the lymph and reticular system. Also, it facilitates renewal. A certain amount of renewal is conducted by virtue of this shear process—removing old cells. We do this every morning, most of us, when we take a shower. We are shearing cells off our bodies and sending them back to the recycle system of the planet. It’s an essential thing, not superfluous.

Physical Principles in Space Biology (slide 11)

Very schematized, we see these types of effects in human lymphocytes, model cells that are used in culture, and in osteoblasts. But when shear is applied, you can get either positive or negative effects to take place. If this were an endothelium, then this is a response to cytokine that promotes differentiation, and allows this cascade of activities to take place and go on to the nuleus.

Hydrodynamic Shear 3 (slide 12)

This is an example of the deleterious effects of hydrodynamic shear. This is a metastasis model that has been used for decades. You inject 100,000 cells into the tail vein of the mouse, they go up the tail vein into the mouse, up the inferior vena cava, and then from there they are largely lodged in the lung and distributed thereafter. But the greater proportion, ostensibly, should go to the lung. That is the first major vascular bed they are going to hit.

So, when you do this, and you harvest the organs and tissues from this animal, you can find only about 500 cells. And you put in 100,000. Where are the other 99,500? They are dead. And the reason they are dead is because the vascular compartment is not a very friendly place for cells that do not normally live there. That is, in fact, why people are generally not riddled with metastases when they have cancer. Yet we know that millions of cells have left the tumor. 

For years we used to make models of metastases by taking these lungs, cutting up those 300 or 500 cells, and reinjecting them. And selecting over and over again. The concept there is that we are selecting a highly metastatic cell, perhaps. What is the other likelihood? We are selecting a cell that is highly resistant to hydrodynamic shear. How much of that is really related to the true metastatic property of the cell is another question.

Hydrostatic Pressure 1 (slide 13)

This is looking at the kinds of microorganisms we can find in various aqueous environments where there is a huge hydrostatic head. Note on the graph the doublings along the ordinate. And along the abscissa, some of these pressures are going from a range of 200 to 1,200 atmospheres. And when you look at these extreme barophiles—these ones you find in the Marianas Trench that is about 5 miles below the surface of the ocean—they have an absolute requirement for high pressure, before they can actually grow. Interestingly, when you take these organisms apart, some of their macromolecules do not even behave in the same way at 1 atmosphere. They prefer atmospheres in the range of 800 to 900 in order to function. 

Again, this gives you an illustration of the diversity of environments where life can survive. 

Barophiles (slide 14)

Barophiles are now called piezophiles, so scratch that old barophile label. These are Marianas Trench bacteria that require 700 atmospheres to grow.

Hydrostatic Pressure 2 (slide 15)

What does hydrostatic pressure mean to us with regard to the space program? When you consider the long bones, and you look at our orientation to gravity for the greater part of the day, we have a hydrostatic pressure gradient within those bones. When you take a human being to microgravity, the question now is, what happens to this pressure gradient? Is it redistributed in such a way that it is essentially homogeneous throughout the long bone? What is the role of that particular pressure in bone maintenance? What is this role or potential participation in the bone loss that occurs in microgravity conditions?

NASA has worked with and used exercise loading systems that put force back onto the skeleton, along with some force to work the muscles themselves that are attached to those bones. As a result, we do get some staving off of the bone loss we normally see in microgravity. But it’s not 100 percent, so we know that load is not the only answer. There are probably other factors involved. Are there hydrostatic pressure gradients that are essential to the normal biologic function that take place in the cell?

Convection (slide 16)

Convection is a very important process. But it really should say here, “density-driven phase separation.” In the case of partitioning oil and vinegar, for example, the vinegar goes to the bottom and the oil goes to the top. Except in space. It does not do that. The density-driven phase separation goes away. And that affects a number of things. 

Mechanical (slide 17)

When we look at mechanical impacts as a physical force in life systems, note chronic abrasion. For example, look at the palms of your hands. If you did not do any work outside—you did not put a shovel in your hand, you did not put a golf club in your hand on a regular basis, you did not have a racquetball racquet in your hand or a tennis racquet—you would find that the inner surfaces of your hands would get pretty pliable, quite soft. When you play a guitar, you notice the ends of your fingers get very hard, extremely calloused. That chronic abrasion induces cells to proliferate in those abraded areas.

This occurs artificially in cell culture just by the stirring mechanism. The spinner flask that is used in the lab has a stirring bar suspended in it, and it just beats the heck out of those cells. That is the kind of mechanical force impact we see.

The selective role of vibration is largely unknown. What we know the most is in repetitive-use injury: video-game thumb, tennis elbow, little-league elbow. Injuries caused by the frequent use of heavy equipment, like jackhammers, which involves continuous vibration or even acute vibration.

Until more recently, we did not look at life systems in the context of vibration frequencies and amplitudes. Whether you play an oboe and have problems with this or you play tennis and have problems with this, or you operate a jackhammer, the real thing we know so far is that these transcription factors that are at the level of the endothelium are the first that seem to elevate and change activities within those cells. And that cascades through muscle and ultimately to bone. You can see it. Each of those has its own relative-frequency windows, amplitudes, and whether it’s acute or chronic stimulation. There are also reparative mechanisms that are believed to be invoked by certain frequencies of vibration. It certainly feels good when your back is killing you to lie down on one of those mats that kind of buzzes things away for you. We do not know how much good it does reparatively, but it certainly feels a lot better. 

You are going to see more and more research coming out in this area, because there are more repetitive-use injuries with people using computers all day long. That is why there is a strong move to get a vocal interface with the computer. You would be astounded by the number of repetitive-use injury claims there are industry-wise.

Microgravity (Indirect) (slide 18)

In the context of cells, the major thing is the indirect effects we see with the absence of convection and nutrient transfer that is limited to the rate of diffusion. This is a cell, theoretically in microgravity, in a jug of media. The cell metabolizes oxygen at an extremely high rate. It assimilates oxygen around it to the point where it can deplete the oxygen in the zone around it, such that the rate at which oxygen replenishes that zone is the rate of diffusion, which is extremely slow compared to probably 100 times less than what it would be for the assimilation rate of that cell. Under those conditions, this cell becomes anoxic in a very short period of time. 

This is what you have to fight in the context of trying to do cell-based microgravity research. You, indeed, want to know what microgravity does directly to this cell, not indirectly. To understand what goes on directly, we have to account for the fact  that you have to make mass transfer possible in order for the cell to survive that environment.

Microgravity (Direct) (slide 19)

The direct effects of microgravity include no surface attachment and the tendency toward a spherical shape unless previously attached to a surface. The other kinds of things we think are direct: disorganization of microtubule organizing centers (MTOCs). The organizing centers tell us that the skeletal array is appropriate for normal cell function, whether that cell function is controlling the deployment of receptors, the response to a given stimulus, or undergoing cell division. When we look at these types of structures under microgravity conditions, it’s not subtle. There is very clearly a change.

There is a potential that lipid rafts themselves—the areas within the cell membrane where there is compositionally different lipid than there is in other areas of the membrane, forming these rafts. In these rafts there are very specified receptor complexes and certain proteins expressed in those areas that are not in other areas of the membrane made up of a different lipid. Seeing these characteristics—the raft change—sets the stage for why we may see transmembrane signaling interfered with within at least some systems. If every transmembrane signaling system went down with microgravity, the cell would be dead. Therefore, some of this may be incidental to the shape change, to the change in microtubular organizing centers; there are a lot of things that could cause this.

It just may be that changes which occur in the membrane do not allow for coalescence of receptors. In receptor-mediated signal transduction, generically we think of it as a ligand-receptor-binding event. And a capping or coalescence of those receptor-ligand complexes—and then an endocytosis of those complexes and a transduction of the signal to wherever it is in the cell, largely to the nucleus.

We do not think that induction of differentiation will end up being a direct effect. It’s really a cascade of the other events that take place.

We do not know for sure about delay in onset of inhibition of apoptosis. We do see, in microgravity, cells have less of a tendency to apoptose. We look at apoptotic events in cells that have gone awry that could potentially become cancerous—apoptosis helps out by getting rid of those. The fact that we make new T cells every day—T-type lymphocytes with new receptors—and you make anywhere from between 10 million and 100 million different receptors, each lymphocyte carrying a single type of receptor—that among that myriad receptor-binding capability, some of which may be your own tissue. If you are blunting apoptosis, you might be increasing the risk for an autoimmune event substantially later. We are very interested in this. We would like to know where it fits in the scheme of things.

Locomotor reactivity may simply be forcing the cells to a spherical state and not allowing them to deform properly. We do not believe that that is the case. But it may be. The reason we do not believe it’s the case is, if you preactivate the cell or stimulate it with a chemokinetic substance and put it in microgravity, it will locomote. And so the locomotory engine itself and the linkage in that engine seems to be functional, and it may just be getting the key into the ignition to get it started. We do not know.

Here is the one thing we can be very confident about: Remember the myriad of forces involved in nature? When we take gravity out of that scenario, we either nullify it by randomizing it, putting the cells into free-fall, or take it into microgravity. Irrespective of which one we do, the remaining forces undergo a reordering process. And that reordering process may not be changing their priority but changing their relative strength or the relative influence of their strength on the cells, particularly cell-cell interaction. We see that cells have a greater tendency to get together under those conditions. We like to think that that is an active life process that is doing it, but it may not be. And we can say that based on experiments done by Don Pettit on International Space Station. He is a very creative astronaut. We suggest you go on the Web, to Saturday Morning Science (http://science.nasa.gov/headlines/y2003/25feb_nosoap.htm), and see the experiments that Don Pettit did. They are something to challenge the mind.

What he did was, he took a Zip-lock bag and he put instant coffee in it and shook it up. He got the particles distributed and put the bag in a place where it was undisturbed to see what would happen. His expectations were that he could maintain distribution for a much longer period of time. What happened was quite the opposite. In fact, the particles kept building and agglomerating more and more on each other. He thought it might be a weird property of the coffee, so he tried it with nondairy creamer and a whole bunch of things. Anything that was particulate. It worked the same way every time. 

He was worried about the hydroscopic properties of these kinds of materials; they have a tendency to want to grab water, and maybe it was the water that was doing it. So he took the whole system and he put it in water, instead, to completely nullify the hydroscopic effects. And what he used for suspending material was mica—the shiny mineral used in potting soil. He added it along with water to one of these bags and shook it all up and let it sit. And with time, the agglomeration started to take place. They did not stay distributed, they began to come together. In the absence of gravity, attractive forces between particles allow these to assemble. 

Where does this pass the who-cares test? First, in the context of what we are interested in, it may simply be the physics of this environment that is bringing these cells together, solely. Second, in theorizing the formation of the cosmos, there are a lot of things that fit, that we understand, but what we struggle with is how we get from dust to rocks. We see how to get from rocks to planets, but the dust to rocks part has had somewhat of a rocky history as far as theories are concerned. So now we are asking ourselves, is it because of the absence of gravity in some of these areas that we are able to accumulate mass from dust? We do not know if that is true, but it’s kind of fascinating. It’s exciting that someone who is a physicist and playing around with particles in suspension could give us some insight.

Physical Principles in Space Biology (slide 20)

Remember when we go from 1 G to micro G, we talked about the shape change and ability to move, and we were looking at equalization of the pressure on the inside and outside, because this is a balloon, maybe this is why it takes that shape? We talked about what happens in the cytoskeleton, but what we did not talk about is, the cell is a really interesting fluid environment. It’s a multiphase fluid environment: there is fat, for the membrane—lipid. There is more than one kind of lipid; it’s multiphasic. Some of it is beyond phase transition and frozen, as rafts. Some is much more fluid and allows the materials to move laterally in that membrane. In addition, we have an aqueous phase inside that is made up of colloidal materials. The colloid density is not the same everywhere. We have gradients of viscosity. When you watch the cell stream and move, you can see that not everything in the cell moves at the same rate, the same speed. And the reason is that there are viscosity gradients. What maintains those gradients? What happens when there is no gravity? These are questions that allow us, once again, to postulate what happens, and how did this redeployment of the cytoskeleton take place? What happens with fluid movement? We are already seeing in bacteria that they try to off-load fluid; they secrete quite a bit. And obviously the gene expression changes.

Red Blood Cell Abnormalities (slide 21)

Let us take a look at cells that were actually in microgravity. This red blood cell data you see is from Skylab.

The scary part about these is the shape differences. The red blood cell is one of the most uniform cell populations on the planet. This uniformity extends to dimension, diameter, and degree of biconcavity. And these are the kinds of changes, for whatever unknown reasons, we saw when we looked at these abnormal concavities that took place. Note, in the middle images, the complete loss: the cells are almost completely flat. What does it spell out? What does it mean? We do not think it can be explained physiologically. But the facts are, these are cells inside a human being, that are inside a vascular compartment, where there is a lot of shear and a lot going on physically. And because they are in microgravity, we see this enormous panoply of possibilities in shape in those cells. Try to change the shape of the cells on the ground. It’s not an easy task. You can do it osmotically, but figure some way physically that you could actually do this on the ground. It’s not easy to get results.

Growth of WI-38 Cells in Microgravity 1 (slide 22)

This is a cell line that was derived about 35 years ago that is used for all kinds of studies. When they looked at the growth of these cells on Skylab, they found no difference between microgravity and 1G in the rate at which they replicated. So, not every cell is going to be affected the same way. 

Growth of WI-38 Cells in Microgravity 2 (slide 23)
However, these cells are usually very contact inhibited. This means that as the cells propagate along a surface, like in a Petri dish, when they meet each other, they stop propagating. In fact, a hallmark of neoplastic cells, or cancerous cells, is not stopping and actually overgrowing each another. This slide shows WI-38 cells flown in microgravity overlapping. Whatever intercellular signaling that allows contact inhibitions to take place is probably in some way disrupted either at the receptor level or alternatively at the cytokine production level.

Human Lymphocytes (slide 24)

The image labeled A is type-1 collagen. In both microgravity and analog cultures, the cells are perfectly spherical. In 1 G, the cells polarize and form this podia. The podia is a mechanism by which the cells move through interstitia, the tissue between cells, as part of the process of the immune system surveying for conditions that may be of some kind of insult to the host.

Summary (slide 25)

So you can see that microgravity affords a unique environment for cells. It’s unlike anything that  the cells have experienced before. We have only scraped the surface with regard to the resulting changes and the depth of how those changes are manifested. 

The response of cells to microgravity and space must undergo a careful dissection to understand the direct contribution of microgravity versus what is indirect. We cannot emphasize this enough. What is the sensory device in the cell that understands? What is the switch that is triggered for gravity? And we probably won’t find a single switch. We will find that shape change probably sets up many of the other things that go on.

So, we have to be able to facilitate mass transfer and account for shear, vibration, and anything else that we do when we are working in space to try to understand what is the role of microgravity in that adaptational response. Where is it that gravity has its direct effects, indirect effects? What are the conditions created by the fact that we must provide mass transfer to prevent the cells from starving to death?

We need to know that vibrational environment on the International Space Station or ony other spacecraft carrying experiments. We need to know it fairly intimately. There are windows of frequencies and amplitudes of vibrational energy that induce confounding responses. An example: an investigator was trying to repeat a cell-population study obtained from another researcher. He could not replicate anything that other researcher had done. So the investigator went over to the researcher’s laboratory and was able to repeat everything. Nothing was substantially different except they had two different brands of incubator. The problem could have come from the difference in vibrational energy. So it’s critically important to understand the physical environment you are conducting the experiment in to understand what the role of gravity itself might be.

