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The Major Components of Blood

Among all the body's systems, the blood is unique: it isthe only tissue in the body that flows. This flowing tissue,
endlessly making its course from the heart to the remotest parts of the body and returning, is a seain which the
body is bathed. Blood has two distinct parts (Figure 2). Plasma, the liquid part of the blood, makes up about 55%
of the blood volume. Sincethereisatotal of 5 liters of blood in the body of an average adult, the plasma volume
(PV) in the body is about 2.75 liters. Plasmais a yellowish solution consisting of about 91% water, and the other
9% isahost of substances indispensableto life. Among them are; nutrients such as glucose, fats, and amino
acids; chemicals important to the body, such as sodium, potassium, and calcium; special proteins, such as
fibrinogen, albumin, and various globulins that produce antibodies, which fight off viruses and other unwelcome
intrudersin the body; and hor mones, which are regulatory substances such asinsulin, and epinephrine, more
familiarly known as adrenaline, which speeds up the heart rate whenever some emergency requires a greater blood
flow to the muscles.

Therole of plasmain the body isto help transport food and oxygen to the cells of the body and to carry wastes
away from the cdlls. In addition, with its potent arsenal to draw upon, plasmaplaysacrucia rolein maintaining the
body's chemical balance, water content, and temperature at asafe level. That is, the plasma serves the body by
helping to maintain homeostasis, or astable internal environment in the body. In fact, essentially al the organs,
tissues, and fluids of the body perform functions that help to maintain the body as a stable system. By analyzing
plasma, medical doctors can find out what types of nutrients are circulating throughout the body, and they can
measure the levels of hormones and other constituents that plasma helps to transport.

The cdlular portion of blood normally makes up about 45% of the blood volume and it consists primarily of three
cellular components (Table 1): white blood cells (WBCs, also known as leukocytes), platelets, and red blood cells
(RBCs, aso known as erythrocytes). The WBCs constitute the blood's mobile security system. Some WBCs are
endowed with the curious ability to wiggle out of the bloodstream and back in again. The WBCs can move like an
amoeba, dipping through thin walls of capillaries and wandering among cells and tissues. They converge together
in great numbers wherever invading bacteria, viruses, fungi, or parasites gain entry into the body, destroying them
by swallowing them or by synthesizing antibodies, which are complex proteins that react with and destroy these
foreign substances. Whenever white cells mobilize for action, the body compensates by manufacturing more.
Double the usual number may appear in the blood within hours. Often this rising white cell count, as physicians

describeit, serves as an early tip-off that a dangerous infection has entered the body.
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Table|. Comparison of some characteristics of the cellular components of blood.

The smallest of blood's three cellular components are the platelets, named for their resemblanceto tiny plates. Their
main function was discovered when doctors observed that people with low platelet counts were especially



vulnerable to bleeding. It isnow well known that platelets are vital to blood clotting. When they touch the
roughened surface of atorn blood vessel, they burst apart, releasing chemical s that set off areaction in the blood
leaking out. The result isthat they convert one of the plasma’s proteins, fibrinogen, into a network of fibersthat trap
RBCs - thereby forming a clot which seals the leak.

The main focus of this chapter will be the examination of the most abundant of all the cells of the body, the red
blood cells, or RBCs. These RBCs outnumber the WBCs about 700 to 1. Theirsis the exclusive and all- important
job of picking up oxygen in the lungs, carrying it to the rest of the body, and carrying waste carbon dioxide back
the other way. Their lifeishectic and brief: after about three or four months they grow old, are eaten, and then
replaced by new recruits sent into the bloodstream from the bone marrow. As mentioned previoudly, the study of
the activity of the RBCsis caled erythrokinetics. Erythrokinetics involves looking at the entire lifetime of aRBC
fromits "birth" (it is born in the bone marrow), through its passage around the body (each RBC travels around the
body in about aminute), al the way through its destruction. A normal lifetime for each RBC is 90 to 120 days.

The RBC's effectiveness as an oxygen-carrier is due to its content of hemoglobin, acompound of protein and iron
which gives blood its red color. Each RBC contains nearly 300 million hemoglobin molecules! And, when aperson
livesin an area at sealevel where atmospheric pressure equals 760 torr each hemoglobin molecule can carry four
oxygen molecules, which means that each RBC can carry 1.2 billion oxygen molecules! Hemoglobin hasa
chemical way of latching onto oxygen as the blood passes through the lungs and holding it in its grip until the
destination is reached. Asthe blood passes through the tissue capillaries, the hemoglobin will not release oxygen
into the tissuesif too much oxygen is aready there, but, if the oxygen concentration istoo low, sufficient oxygen
will be released by the hemoglobin to re-establish an adequate tissue oxygen concentration. (Thisis another
example of ahomeostatic control mechanism.) When, for any reason, the hemoglobin content in the
bloodstream dips bel ow the minimum for body needs, the result isanemia, meaning (although not literally) "no
blood." Anemiaisareduction in the number or volume of RBCs. Thisreduction in RBCs results, obvioudly, in a
reduction in the amount of hemoglobin and, therefore, in areduction in the body's oxygen-carrying capacity.
Another cause of anemia could be adiet deficient in iron-rich foods.

Normal RBCs are biconcave disks that are capable of changing their shape as they- pass through capillaries.
Actually, the RBCisa"bag" that can be deformed into almost any shape without rupturing the cell. They are
remarkably flexible and remarkably small. In normal men (if there are any!!), the average number of RBCs per
cubic millimeter is 5,200,000 ( 300,000) and in norma women 4,700,000 ( 300,000). The number of RBCs varies
inthe two sexes and at different ages. Also, if aperson movesto a higher dtitude, for instance, to the mountains),
the number of RBCs present in that person may not be enough to supply the body with oxygen. Thisis because as
you go into higher altitudes, the atmospheric pressure becomes lower. For each liter of air you breathe at |ower
atmospheric pressures, there are fewer molecules of air, including fewer molecules of oxygen. With fewer
molecules of oxygen available, your lungs are not able to supply each RBC with the amount of oxygen to which it
is accustomed. In this condition, the RBCs cannot deliver enough oxygen to the body (including the brain) and you
will become dizzy. Therefore, the body responds by increasing the production of RBCs so that the oxygen needs
of the body can be met.



HEMATOCRIT

A common laboratory test can tell aphysician agreat dea about the volume of red cellsin ablood sample. The
volume of RBCs refers to the amount of space that the RBCs occupy within the blood. If whole blood (the cellular
portion together with the plasma) is placed in a specia hematocrit tube (asmall test tube) and then spun very rapidly
in acentrifuge, the heavier components will quickly settle to the bottom of the tube (Figure 2). When the centrifuge
spins, the RBCs are forced to the bottom of the tube because they are the heaviest element in the blood. The WBCs
and platelets are lighter so, as the hematocrit tube spins, they cometo rest on top of the heavier RBCsin alayer called
the buffy coat. Above the buffy coat rests the plasma. From the hematocrit tube, one can approximate the percentage
of space that the RBCs occupy in the total sample. At sealevel, the hematocrit of anormal adult male averages about
47, which meansthat 47% of the blood volumeis RBCs, while that of anormal adult femaleis 42.
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RED BLOOD CELL MASS

Thetotal red blood cell mass (RBCM), where mass refers to the quantity of material, in the circulatory systemis
regulated very closely by the body. Not only does the body work to make sure that an adequate number of red cellsis
aways available to provide sufficient tissue oxygenation, but the body must also work very hard to make sure that
there are not too many RBCs, so that the cells do not become so concentrated that they impede or clog blood flow.
Therefore, RBC production is controlled very tightly by the body in a process called negative feedback (Figure 3).
Most control systems of the body respond to the body's needs through this kind of process. What it meansisthat if
the body senses too much of something (for example, if the body senses too much oxygen availability), the body will
respond by causing areaction in the opposite direction by decreasing something (for example, adecreasein RBC
production). Conversely, if the body sensestoo little oxygen, the negative feedback mechanisms will cause the body to
increase RBC production. So you can redlly think of a negative feedback mechanism as more of an "opposite
reaction” system. In other words, if thereis MORE of something than needed, it makes LESS of something, which
will cause the body to return to its homeostatic condition. If thereis LESS of something than needed, it makes MORE
of something else, which will cause the body to return to homeostasis. This concept should become clearer aswe
discuss the specifics about RBC production next.

Initial Valua of X Initial Walue of X

I %
/”f R o \

/ ‘-..lll Fi N
) I v @ & f y &
Ef;ﬂw Sensor Effector Sensor
/ Y |
/
; S i
@ o
St Paint / - \'_ _-"f 4 :'. Mermal Range
I-':-u'mr:-:_;nl i L !

Figure 3.

a) A risein some factor of theinternal environment (X) is detected by a sensor. The sensor activates an
effector (generally, nerves or hormones), which causes a decreasein thisfactor (iX). In thisway the factor
returnstoitsinitial level and homeostasisis maintained. The circled number sindicate the sequence of
events.

b) A negative feedback hop in which a decrease in some factor of theinternal environment (I1X) is

rever sed by the actions of an effector.

¢) Negative feedback loops (indicated by negative signs) work to maintain stability in our bodies within
anormal range.



ERYTHROPOIESIS

Theterm erythropoiesis (erythro = RBC, and poiesis = to make) is used to describe the process of RBC
formation or production. In humans, erythropoiesis occurs amost exclusively inthered bone marrow. (The
yellow bone marrow is primarily composed of fat, but, in response to agreater need for RBC production, the
yellow bone marrow can turn to red marrow.) The red bone marrow of essentially all bones produces RBCs from
birth to about five years of age. Between the ages of 5 to 20, the long bones dowly lose their ability to produce
RBCs. Above age 20, most RBCs are produced primarily in the marrow of the vertebrae, the sternum, the ribs, and
the pelvis. Let's examine how RBCs are produced and, ultimately, how they are destroyed.

The organ responsible for "turning on the faucet" of RBC production isthe kidney (Figure 4). The kidneys can
detect low levels of oxygen in the blood. When this happens, the kidneys respond by releasing a hormone called
erythropoietin, which then travelsto the red bone marrow to stimulate the marrow to begin RBC production.

Now, once the erythropoietin stimulates the red bone marrow to begin manufacturing RBCs, a series of events
occurs. In the bone marrow there are many special stem cells from which RBCs can be formed. Asthese cells
mature, they extrude their nucleus as they dowly fill with hemoglobin until they are bright red r eticul ocytes ready
to escape the bone marrow and squeeze into the blood capillaries to begin circulating around the body. In ablood
sample, the reticulocytes can be distinguished from RBCs because they till contain some speckles or pieces of
their nucleus. Within afew days, this reticulocyte completely loses dl its nuclear material and becomes a
full-fledged RBC that is ready to serve the oxygen needs of the body. After about three to four months, the RBC
has worked so hard that it begins to weaken. The membranes of old RBCs become very fragile and the cells may
rupture during passage through some tight spots in the circulation. These old and damaged RBCs are "eaten”
primarily by the spleen, and most of the leftover components (especially the iron from the hemoglobin) are
recycled to form new RBCs.

The production of new RBCs occurs as the need arises. A natural need always exists to produce new RBCsto
replace the ones that have gotten old, or have been damaged, and have "died.” Old RBCsdie every day in our
bodies and more new ones are also born every day. The body can also increase production of RBCsin response to
special needs. As mentioned previoudy, new RBCs must be produced when a person enters a high altitude
environment. At very high dtitudes, where the quantity of oxygenintheair is greatly decreased, insufficient oxygen
is transported to the tissues, and red cells are produced so rapidly that their number in the blood is considerably
increased. Therefore, it isobviousthat it is not the concentration of RBC's that controls the rate of red cell
production, but instead, it isthe functional ability of the RBCsto transport oxygen to the tissuesin responseto
thetissue demand for oxygen that controls the rate of RBC production. In other words, it's just like the economic
concept of "supply and demand." If the supply of oxygen is LESS than what the body demands, the MORE RBCs
are produced. If the supply of oxygen is MORE than what the body demands, the FEWER RBCs are produced.
Thiswonderful negative feedback mechanism works fine on Earth. How about in space?



The RBC lifetimeis about 120 days.

Figure 4. Thelife cycle of ared blood
cell.

a) Kidneys respond to alower than
normal oxygen concentration in the blood
by releasing the hormone
erythropoietin.

b) Erythropoietin travelsto thered bone
marrow and stimulates an increase in the
production of red blood cells (RBCs).
¢) The red bone marrow manufactures
RBCsfrom stem cells that live inside the
marrow.

d) RBCs sgueeze through blood vessel
membranes to enter the circulation.

€) Theheart and lungs work to supply
continuous movement and oxygenation of
RBCs.

f) Damaged or old RBCs are destroyed
primarily by the spleen.



SPACE PHYSIOLOGY

We have aready described in the previous chapter how space flight affects the organ systems of the body (the heart
and the lungs), and we even discussed how some of the smaller structures of the body, the blood vessdls, are
affected in space. Now we are taking our discussion to even smaller, microscopic levels by examining flight affects
our body at the cellular level. We know that space flight somehow affects the activity of the cellsin our blood,
including the RBCs. Let's examine how the erythrokinetics of space flight is different from that on Earth.

What has surprised scientistsis the fact that, for space travelers, the per centageor concentration of RBCsin the
bloodstream stays about the same even though plasma volume decreases in space. That is, the "space normal”
hematocrit is about the same as the "Earth normal" hematocrit. What does this suggest? Remember that as humans
are exposed to the microgravity of space, thereisaloss of body fluid (including aloss of plasma) due to the
headword fluid shift One would imagine that as the plasmalevel is decreased in the bloodstream, then the
concentration of blood cellsin the bloodstream would increase. If this were true, the hematocrit would rise. Data
hasindicated that the inflight hematocrit measurements for astronauts do not change to any appreciable extent from
the preflight hematocrit, which means that the percentage of RBCsin the blood inflight is not different from the
percentage of RBCsin the blood preflight, even though there isless plasma. Sincethereis adecreasein plasma
volume, and since the hematocrit does not change, this suggests that the number of RBCs must decrease. We
call thisreduction in RBCs " space anemia."

There are different theories that exist to explain this decrease in the number of RBCs. One, called the
"hemoconcentration” theory, suggests that, while in space, the body detects an overabundance of fluidsin the upper
part of the body. The astronauts find that they are not thirsty and they want to drink less while, at the sametime,
their kidneys are stimulated to remove this excess fluid, part of which is plasma. We have aready learned a great
deal about thisin the previous chapters. The removal of plasma causes the blood to becomes "thicker," because as
fluid is eliminated, the percentage of RBCs per volume of blood increases. This may cause an overabundance of
oxygen- carrying ability. When the kidney detects this overabundance of oxygen, the kidney reduces the
production of erythropoietin, which, in turn, suppresses RBC formation. This theory suggests that the production
level of RBCs decrease. Data suggests that thisis not the only theory to consider.

There have been aternative suggestions made to explain the space flight reduction of RBCs. These include the
possibility that the "space anemia’ is due to the loss of muscle mass which occurs in space flight. Because muscles
are used lessin microgravity (there isn't even any "walking around” to do in space) the muscles lose mass and
require less oxygen. With alower oxygen requirement, the blood can reduce its oxygen-carrying capacity. This
theory suggests that the body responds to this lower oxygen requirement by reducing the number of RBCs
produced.

If the last theory we discussed istrue, that the muscles require less oxygen, another possible explanation of how the
blood can reduce its oxygen-carrying capacity would be to increase the destruction rate of RBCs. If thistheory is
correct, then the proportion of circulating reticul ocytes (immature RBCs) in the bloodstream would increase above
normal. Thisis because the normal production line in the marrow would continue kicking out reticulocytes, while at
the same time, many of the mature, healthy RBCs aready in the bloodstream would be destroyed.

A fourth theory for the reduction in RBC mass has to do with the well-documented fact that astronauts lose calcium
from their bones under conditions of microgravity. (Well be talking more about thisin alater chapter.) The loss of
body calcium could disrupt the bone architecture, which would result in the loss of bone strength, a condition that is
similar to adisease called osteopor osis. This alteration of bone metabolism may also affect the bone marrow, and,
therefore, affect norma RBC production in the marrow. To summarize the theories, a decrease in the number of
RBCs can occur in space under the following conditions:

(a) after the body diminates "excess' fluid and the kidneys detect that the blood has become too "thick,"
the kidneys may suppress the production of erythropoietin resulting in adecrease in RBC production;
(b) as muscle massislost and their oxygen requirement is reduced, the kidneys detect an overabundance
of oxygen-carrying capacity in the blood, which may cause them to suppress the production of
erythropoietin, resulting in a decrease in RBC production;

(c) for the same reason shown in (b), the body may respond to the overabundance of oxygen-carrying
capacity in the blood by increasing the destruction rate of RBCs; and

(d) as astronauts lose calcium in their bones, the structure and function of the bone and its marrow may
change and may result in adecrease in RBC production.



Out of all four of these theories, there are two main points that emerge. A decrease in RBC number can occur by a
decreasein RBC production or an increasein RBC destruction (or acombination of both).

A detailed investigation developed by Dr. Clarence Alfrey and his research team was designed to examine the effect
of microgravity and the interaction of changesin body weight and plasma volume, which both decrease inflight, on
the rate of RBC production. His experiment was also designed to examine the roles of the hormone erythropoietin
in the production or reduction of circulating RBCs. The investigation measured:

changes in plasma volume (PV) and red blood cell mass (RBCM),
hematocrit levels (RBC volume per volume of blood),

reticul ocyte counts, and

erythropoietin levelsin the blood. Theinvestigators also examined:
erythrocyte production and survival, and

the rate at which the bone marrow usesiron to produce RBCs.

Before we begin our examination of the results from Dr. Alfrey's study, let's review the original hypotheses that
served as the foundation for the development of Dr. Alfrey's space flight study. In addition, just asin the previous
chapter, we will participate in some Student Investigations that are designed to clarify certain important concepts
related to the measurement of RBC activity. Dr. Alfrey's experiment was designed to support one of the following
two simple hypotheses (and refute the other), or, aternatively, to support or refute them both:

Hypothesis 1
Red blood cell massis reduced during space flight as aresult of adecreasein red blood cell production, which in
turn is due to adecrease or inhibition of erythropoietin production.

Hypothesis 2
Red blood cdll massis reduced during space flight as aresult of increased destruction of red blood cells.



YOUR PERSPECTIVE

Before describing some of the actual experimental proceduresthat Dr. Alfrey and histeam carried out, it isimportant
for you to understand more clearly some of the scientific techniques and concepts related to his study. The first
exercise has been designed to provide you with background and basi ¢ information about hematocrit. Y ou will be given
some specific information about how certain conditions affect a person’'s hematocrit. Then you will be asked to use
that information to match certain hematocrits with certain described individuals.

The second exercise will familiarize you with the concept of concentration. Y ou will see how measuring the
concentration of adyein aliquid can help determine the volume of that liquid. The third exercise will use what you
learned in the second exercise to explain how to determine how quickly RBCs are produced in the bone marrow. RBC
production rates are determined by aradioactive marker (or tracer) method that utilizes the concept of
concentration. Low levels of radioactivity, when used in controlled situations, can be a valuable research tool for the
determination of various rates and volumes within the body. Dr. Alfrey'sinvestigation utilized three different
radioactive elements to accomplish various measurements for his study. In the third Student Investigation, a specific
technique will be described that uses ar adioactive marker to actually "mark” or "target" certain cellsin order to
determine the efficiency of RBC production in the bone marrow. The changes in concentration of these markers over
timewill give important information about the rate at which the marker is being utilized in the body. Y ou will carry out
agraphical analysis of the results from this technique.

None of the Student Investigations are difficult. Keep in mind that al three of the activities relate to actua situations
that occur every day in many laboratories around the country.

Enjoy your journey!



STUDENT INVESTIGATION 1
How Do Hematocrit Values Vary Among Populations?
Background

In research, it is often desirable to draw conclusions about the scientific results obtained from different
populations. A population isagroup of individuals related by some factor that sets them apart from another
group. The population could be related by the fact that they are all humans (as opposed to, for instance, dogs), or
that they are al men, or that they are all humans between the ages of 30 and 40 years old. Researchers carry out
studies to determine the average behavior of agiven population in the area of interest. Here, we will look at
hematocrit values and try to guess what population those values were obtained from.

In the Introduction section to this (Dr. Alfrey's) experiment, we learned that the hematocrit is a determination of the
percentage of RBCs per unit of blood volume; that is, a hematocrit value of 47 (which is an average value for men)
suggests that 47% of the entire blood volume consists of RBCs. The hematocrit value varies between different
populations, and hematocrit values can change according to the state of health of an individual, the oxygen
availability, or because of heavy bleeding, when many blood cells can be lost. Review the Introduction section along
with Figure 2 before proceeding with this exercise.

Procedure

1. Each student should complete this exercise independently.

2. Observethetest tubesillustrated in Figure 5. Imagine that these represent blood samples of five different
subjects. Imagine further that these test tubes have been centrifuged and the components of blood have
separated to enable us to make a deter mination of the hematocrit level.

3. Usethe scale on the left side of the test tubes and write down the hematocrit values on a separate sheet of
paper.

4. When dl of the hematocrit values have been determined, answer the questions at the end of this exercise.
Review your results with the whole class.

. . . - Figure5. Thetest tubes contain blood
- o ; ~  samples collected from five different
individuals. Each test tube has been spun
in a centrifuge to separate the blood
components.
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Questions

1. Which blood sample was probably taken from a female? On what information do you base your decision?

2. Which blood sample was probably taken from an anemic person? On what information did your base your
decison?

3. Which blood sample was probably taken from a person who smokes? (Hint: Smoking produces carbon
monaoxide in the body and it enters the bloodstream. Carbon monoxide has 200 times the affinity
(attraction) for hemoglobin than does oxygen and won't readily "let go" of the hemoglobin available to



carry oxygen. How would this affect the body's RBC production?)
4. Which blood sample was probably taken from a person who lives at high altitude? On what information

did you base your decision?
5. Which blood sample was probably taken from amale astronaut in space? On what information did you

base your decision?



STUDENT INVESTIGATION 2
The Dilution Method for Determining Fluid Volumes
Background

How would you measure the volume of plasmain a person's body? If it were possible, the most accurate way to know
how much plasmaisin the body would beto take all of the blood out of aperson’'s body, spinit in alarge centrifuge
(to separate the blood cells and the buffy coat) and then pour the plasma off the top of the cellsinto alarge graduated
cylinder to measure the total volume of plasma. Of course, this technique would be fata to the poor individua who
becameinvolved in such a crazy effort! Therefore, a technique was developed to obtain a very accurate measurement
of plasmavolumein the body. The process for measuring plasmavolumeis called the "dilution method.” Dr. Alfrey
employed this method to determine the plasma volume for the astronauts who flew in space.

The dilution method involves injecting the astronaut intr avenously (also known as1V, meaning in the veins) with a
known quantity and concentration of adye (also known asamarker or tracer because the dyeis used to "mark” the
plasma). This dye enters the blood stream and actually mixes with the blood (Figure 6a). After a short period of time,
the dye has travelled and mixed with the blood throughout the entire circulation (Figure 6b). During thistime, the
blood dilutes the dye and then a sample of the blood is collected from the astronaut (Figure 6¢). By comparing the
concentration of the dye that was initially injected (X in units of mg) with the concentration of the dyein
the blood sample (C in units of mg/liter of blood), theinvestigator can determine how much the dye has been
diluted. Using this information in a mathematical equation will yield information about the volume of plasmain the

body.
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The dyethat is used in this technique must be chosen very carefully so that none of the dyeislost in other parts of the
body and so that an accurate plasma volume determination can be made. What would happen if the dye escaped from
the bloodstream and seeped into the rest of the body? Remember that the blood serves as avehicle to carry various
substances to the cells and tissues of the body. Constant exchanges are taking place through the blood vessel
membrane where oxygen, vitamins, minerals, and many other things passin and out of the bloodstream. In order to



make sure that the dye does not pass through the wall of the blood vessel and enter the rest of the body, adyeis
chosen that binds directly to proteinsin the blood that are too large to pass through the blood vessel wall. Thisinsures
that the concentration of the dye is not affected by the possibility of its disappearance into other parts of the body.

Figure 7: Thethree containers have
different fluid volumes. A known
amount of dye has been added to
container A. It isyour job to
deter mine how much dyeto add to
containersB and C in order for the
- ) concentration of dyein each
f“"‘ : o~ container to match the
- concentration in container A.

In this exercise, you will be asked to add a certain number of "drops’ of dye to a certain volume of water. Then you
will have to determine how many drops you must add to different volumes of water in order to obtain the same
concentration of dyein theliquid (Figure 7). By referring to the equations above, Dr. Alfrey's investigation was
designed tocalculate V (the volume of blood) by measuring X (the amount of dye added to the blood) and
measuring C (the concentration of dye per liter of blood). Y ou will be calculating X (the amount or number of
drops of dye) by measuring V (the volume of water) and measuring C (the concentration of dye per volume of
water). It takes some very sophisticated analysis equipment to determine the concentration of dyein ablood sample.
Y ou probably do not have access to this equipment, so your determination of the concentration of dyein the water will
have to be made by your eyes! Thisexerciseis smply to point out how different volumes of liquid can affect the
concentration of adye. In thefinal part of this exercise, you will use what you have learned to calculate the actua
plasmavolume for some of the astronautsin Dr. Alfrey's study before, during, and after a space flight mission.

Materials
Three large glass beakers, each capable of holding at least one liter and all three the same size.

e A bottle of dye
e A dtir stick
e Water

Procedure

1. Students should work in groups. All students must read the entire lab together before beginning their
activities.

2. Fill beaker #1 with one liter of water. Fill beaker #2 with a 1/2 liter of water. Fill beaker #3 with 1/4 liter of
water. Be as accurate as possible with your volume measurements.

3. Put 24 drops of dyeinto beaker #1 and stir it until the dye is completely mixed. Count the drops carefully
and then record the number on your data sheet.
At this point, each group should select two individuals to step aside and cal culate how many drops should be
added to beakers #2 and #3 so that the concentration of dye in those beakerswill be the same as beaker #1.
They will use the equation shown in the background section. For this equation, V isknown and C =24
dropg/liter. These two individuals should keep their results to themselves until the rest of their group can
finish adding dye to each of the remaining two beakers. At the end, the cal culated results will be compared
with the actual number of measured drops of dye that were added to the beakers. The rest of the group will
continue with the next step.

4. Set beaker #2 next to beaker #1 so that you can compare the two. Begin adding dye slowly, drop by drop, to
beaker #2. Stir as each drop is added. Add enough drops until you have determined that the concentration of



dye in beaker #2 matches the concentration of dyein beaker # 1. Don't for get to count the drops as you
add them to the beaker. Record the number of drops you added to beaker #2.

. Set beaker #3 next to both beaker #1 and #2. Again, begin adding dye sowly, drop by drop, to beaker #3.
Follow the same procedure for beaker #3, counting and stirring after each drop, until you have determined
that the concentration of dyein al three beakersisthe same. Record the number of drops you added to
beaker #3.

Now, compare the cal culated results with the results obtained by adding drops of dye. Hopefully, the two
results come very close to matching. Any differencein the two results can be attributed to the lack of an
accurate way to "measure” the concentration of dyein the liquid.

Now, we will look at some actual raw data and results that Dr. Alfrey obtained during his space flight
investigation. Table 2 includes various dataincluding the amount of radioactive iodine (dye) that was
originaly injected into the bloodstream of each astronaut (x), and the concentration of that dye in the blood
sample that was removed from the astronaut at different times during the mission (c). From these data, you
areto calculate the plasmavolume (v) using the equation v= x/c. Y ou will be able to see how the plasma
volume changed over time during the mission. Y our teacher will review with you: the various parts of the
table; how to carry out your calculations; and, later, what the correct answers are. Y ou know, people are
actually paid to do this sort of analysis!

The Influence of Space Flight on Erythrokinetics in Humans Plasma

Volume Data
Net Net Countsin || Plasma % Change
GCPM |[NCPM/mL|| Count Post-injected || Volume |[from Preflight
I njected Plasma in mL Value

Preflight
Air Background 32
Injection Solution 342591 | 34255 685118
Pre-injection Plasma 32 0 Not Defined
Post injection Plasma| 273 241
Volume Injected 2mi
Volume of Samples 1ml
FD-2
Air Background 32
Injection Solution 342591 || 342559 685118
Pre-injection Plasma 82 50 %
Post injection Plasma| 382 350
Volume Injected 2mi
Volume of Samples 1ml
FD-8
Air Background 32
Injection Solution 685132 | 685100 | 1370200
Pre-injection Plasma || 182 150 %
Post injection Plasmd| 737 705
Volume Injected 2ml
Volume of Samples 1ml
R+0O
(Landing Day)
Air Background 32 %
Injection Solution 1370264 1370232 || 2742464
Pre-injection Plasma || 552 520
Post injection Plasma| 1625 1593
Volume Injected 2mi
Volume of Samples 1ml




GCPM = Gr oss Counts Per Minute
NCPM = Net Counts Per Minute = GCPM (sample) - GCPM (air background)
NCPM/ml = NCPM divided by the volume of the sample or 1 ml
Volume of samples = volume of injection solution and plasma that was counted = 1 ml
Net counts Injected = NCPM/ml (Injection solution) timevolume injected (which was 2 ml)
* Net countsin Post-injected Plasma = NCPM/ml (post-injection Plasma) - NCXPM/ml (Pre-
injection Plasma)
* Plasma Volume (PV) = Net Counts Injected divided by Net Counts in Post-injection Plasma
* 9 Change = (FD PV - Preflight PV) divided by Preflight PV
The air background is the same because al of the above count rates (counts per minute) were determined on the same day.




THE SPACE FLIGHT INVESTIGATION

Recall that the space flight investigation developed by Dr. Alfrey was designed to examine the erythrokinetics of space
flight. The fluid shift that we've already discussed in the previous chapter has amagjor impact on the activities of the
RBC. This, of course, makes sense, because RBCs are part of most of the fluid (blood) that shifts toward the upper
part of the body. Therefore, not only is there afluid shift but there is aso an RBC shift. In response to these shifts, not
only isthere an elimination of fluids from the body soon after an astronaut arrives in space, but thereisaso an
eimination of RBCs. We know this because the hematocrit stays about the samein space. That is, the ratio of plasma
to RBCsin the blood on Earth is the same asthe ratio of plasmato RBCsin space. The question is: Are RBCs
eliminated because of adecrease in their production or because of an increase in their destruction or because both
occur simultaneoudy?

Why isthis question important? Well, areduction in production is definitely different than an increase in destruction.
Here on Earth, we understand well how the body's oxygen demand can influence the production of RBCs. However, in
a healthy person, the destruction of mature RBCs should only occur when RBCs have gotten old or have somehow
been damaged. On Earth in ahealthy average sized adult, this only happens to about 0.8% of the total RBCs per day.
Of course, in dmost al cases, these are a so replaced everyday. An increased destruction rate would mean that healthy,
young RBCs are being destroyed and this is something we have never seen in healthy human beings. Therefore, the
question is important because answering it could provide important information about how the RBC system works.

In order to fully characterize RBC activity in space, Dr. Alfrey's team designed afull set of measurements that ook at
different aspects of RBC production and surviva. The preflight, inflight, and postflight portions of this experiment
were done on two space missions and the results are very interesting. We will review each major measurement set to
see the changesin preflight, inflight, and postflight conditions of the astronauts. For each measurement set, we will
include information about why the measurements are important, the equipment and techniques used to make the
measurements, the expected results, and the actua results. These measurement sets were designed to study changesin:

(2) plasmavolume, RBC mass, total blood volume, and hematocrit;

(2) erythropoietin levels and reticulocyte counts; and

(3) RBC production and survival.
Ultimately, however, the measurement sets were designed to support or refute Dr. Alfrey's hypotheses:
Hypothesis 1

Red blood cell massis reduced during space flight as aresult of adecrease in red blood cell production, which in turn
is due to adecrease or inhibition of erythropoietin production.

Hypothesis 2

Red blood cell massis reduced during space flight as aresult of increased destruction of red blood cells.

Just asin the previous chapter, all of the results that you will seeinvolvereal experimental data. They were obtained
during the course of preparing for, during, and after one or more space flight missions. After you review the scientific
result sthat are presented in each of the next three sections, you will be asked to break into small groups to work on

the devel opment of a presentation that members of your group will deliver to your classmates. Each small group will
take one of the three sect ions and develop a plan for how to presenting the information in aclear and concise way.

Let's move on to examine Dr. Alfrey's investigation.



STUDENT INVESTIGATION 3
Deter mining the Efficiency of RBC Production in the Bone Marrow

Background

Each RBC contains about 200 - 300 million hemoglobin molecules, and each hemoglobin molecule has four atoms of iron, which attract
four oxygen molecules. (The oxygen is obtained from the lungs and it attaches to the iron so that it can be delivered to the cells and tissues
of the body.) RBCs being manufactured in the marrow obtain iron from the plasma. Thisiron is then incorporated into the hemoglobin. In
fact, most of theiron in the body isin the hemoglobin of the RBCs. When RBCs are destroyed, iron is returned to the plasmawhere it will
be used again to form new RBCs. Using aradioactive marker (or tracer) method (using radioactive iron - Fe59), we can determine the
rate at which the marrow removes iron from the plasma, and, therefore, determine the rate at which the marrow is producing the RBCs.

The method to measure the amount of radioactive iron in the blood involves using ascintillation counter. Theradioactiveironis
continually decaying and it gives off gammarays. The scintillation counter will count the number of gammarays being given off by the
radioactiveiron. The number of countsthat is registered by the scintillation counter is proportiona to the amount of radioactive iron present

in ablood sample.

The protocol used in determining the production rate of RBCsisthe following:
(You will not be carrying out the actual protocols, but you will carry out a graphing exercise to illustrate the concept.)

1. Three astronauts on amission are serving as the subjects for this study.

2. Each astronaut is given an injection of aradioactive iron marker (called Fe59). (At this point the iron races to the bone marrow to
be absorbed and to be used in the production of the RBCs.)

3. Every half hour, ablood sample istaken from each astronaut to continue over aperiod of two hours. The samples are collected and
analyzed to determine how quickly the Fe59 is taken up by the marrow. (Therate at which the Fe59 disappears from the blood is
anindication of how efficiently the bone marrow isworking to absorb the Fe59, and, therefore, how efficient the bone marrow isin
producing RBCs.)

4, Thedataisshownin Table 3. Plot this data on a graph that your teacher will provide to you like Figure 8 and then answer the
questions that follow.

Table 3. Data reflects the per centage of Fe59 remainingin the 100
plasma for each astronaut. The measurements were made at |
regular timeintervals after injection so the disappearancerate of

Fe59 could be determined The Feb9 disappearanceratereflects i

the rate of absorption of Fe59 by the bone marrow. E
&
L]
% FGEHEEI‘HH_II‘IIHQ in Plasma £ 0
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Figure 8. Graph of the efficiency of bone marrow uptake
of iron from theblood. The areain thetriangle represents
the normal (Earth value) range.
Questions

1. Plot the results of your bone marrow Fe59 absorption study from all three astronauts on a copy of the graph in Figure 8. Do the
results suggest a normal, decreased, or increased ability by the marrow to absorb Fe59 in space compared with Earth? What does
this suggest about the ability of the bone marrow to produce RBCs?

2. How many molecules of oxygen are carried by an RBC? (Hint: Read the Background section for this Student | nvestigation).

The experiments that you have just completed have prepared you to understand some of the analytical methods that Dr. Alfrey and histeam
were used for the completion of their study. Appropriate analysisis the key to obtaining results that are correct and understandable. Let's
now move on to discuss the actual methods and results that Dr. Alfrey obtained in his examination of how erythrokinetics change when a
human enters the microgravity of space.



I. Measurementsto Under stand Quantitative Changesin the Major Blood Components. Plasma Volume
(PV), Red Blood Cell Moss (RBCM), Total Blood Volume (TBV), and Hematocr it

Before a scientist dives into an examination of why certain changes occur in the body, he or she must obtain a
guantitative understanding of the symptoms of the changes. First of all, symptoms provide evidence that a change that
has taken place. The quantitative measurements of those symptomstell you the magnitude, or how much, of achange
has taken place. Therefore, you must know the magnitude of the symptoms before you can begin to understand the
source of the symptoms.

For instance, if you fall while skiing down amountain and you feel extreme pain in your knee, the magnitude of the pain
isasymptom that suggests you might have a seriousinjury. If you feel just a slight amount of pain only when you touch
it, this lesser magnitude of pain could suggest that you might have just bruised your knee. And if you do not feel pain at
al in your knee, then there is no reason to think that there is anything wrong with it and you can get up and continue
skiing. The magnitude of the pain will determine what should be done next to diagnose the source of that pain.

For the investigation of the erythrokinetics of space flight, the first step for Dr. Alfrey's team was to determine the
magnitude of the volumetric changes (volume is the amount of space that a substance occupies) of the mgor blood
components, plasmaand RBCs, aswell as changesin the total volume of blood. Once the magnitude of the changesis
understood, then Dr. Alfrey can begin to diagnose the source of the volumetric changes.

It has been known for some time that fluid volumes in the body decrease in microgravity. More specifically, scientists
were aware that there are volumetric changesin some of the major blood components. Every astronaut studied after
returning from space has been shown to have a decreased red blood cell mass (RBCM), a decreased plasma volume
(PV), and, therefore, since

PV + RBCM =TBV,

thereis also adecrease in the astronaut's total blood volume (TBV). The condition that results from the decreased
RBCM has been termed "space anemia." A mgjor part of Dr. Alfrey'sinvestigation was to measure the magnitude of
changesin PV, RBCM, and tota blood volume (TBV) in astronauts. Hematocrit measurements were also performed.
The unique feature of Dr. Alfrey's study was that, in conjunction with the determination of how much the fluid and
RBC volumes decreased in space, he aso carried out the most complete set of measurementsto determine why the
changes took place. In this section, we will only discuss the volumetric (how much) measurements that were carried out.

PV and RBCM were measured using the dilution method (described in Student Investigation 2). Remember, the
dilution method involves injecting the astronaut with a known quantity and concentration of marker substance (adye or a
labeled molecule) that mixes with the liquid portion of the blood (plasma) and becomes evenly distributed throughout the
bloodstream. Once the marker is evenly distributed, a blood sample is taken. By comparing the concentration of the
marker that was initially injected with the concentration of the marker in the blood sample, the scientist can determine
how much plasma must bein the system to dilute the marker to its new concentration. Using the formula

; . X(mg)
Volume (liter) = T (moliter) (mg/liter)
or,
V (liter) = Amount of marker substance injected (mg)

Concentration of marker in blood sample (mg/liter)

one can determine the PV and the RBCM.
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For Dr. Alfrey's determination of PV, astronauts were injected with specially prepared blood protein molecules called
albumin. Before injection, the albumin molecules were |abel ed with aradioactive materia, 125-iodine, that attachesto
the albumin and emits gamma rays. This radioactive property (the emission of gammarays) served as the "marker" to
distinguish the injected albumin molecules from those that the astronauts already have circulating in their bloodstream.
The dose of radioactivity that the astronauts were exposed to was very low and safe.

At this point, you may be wondering what agammaray is. Well, in 1905, athoughtful young man by the name of Albert
Einstein came up with anew theory that smplified our understanding of light. Remember, light is aform of
electromagnetic (EM) radiation. According to Einstein, light and other forms of EM radiation consist of individual
bundles of energy that radiate from a source. These bundles of energy are called photons. The EM radiation (light) that
you see shining from the Sun is composed of photons. The EM radiation (light) from alight bulb in your classroom or
home is composed of photons. Not all EM radiation (Figure 10) isvisible but all EM radiation is composed of photons,
and all photons carry various amounts of energy. Gamma rays are very high energy photonsthat are not visibleto
the naked eye.

Note: All forms of electromagnetic (EM) radiation consist of photons. You have already been exposed (no
pun intended!) to the EM spectrum beforein the Introduction section of the book It is shown again to remind
you that gamma raysfall in the very high energy range of the spectrum.

When this radioactive albumin isinjected into the astronaut, it circulates around the bloodstream until it is mixed fully
and distributed evenly with the rest of the blood. It takes about 30 minutes for the albumin to spread through the
bloodstream. After thistime, a blood sample is taken from the astronaut, and the amount of labeled albumin in that
sample is measured by counting the number of gamma rays emitted from the blood sample. The number of gammaray
emissionsisdirectly proportional to the number of radioactive labeled albumin molecules in the sample.



Now, as mentioned previoudly, it isimpossible to see
gammaray emissonswith the naked eye. Therefore, .
in order to be able to count the number of gammarays .
that the sample emits, it is necessary to use a specid :
gammaray counter that can transform each gammaray sooium

into avisible form of energy - light flashes. In order to '"=='2&
accomplish this, the blood samplewas placed insidea = %"= ™% "
sodium iodide crystal (Figure 11), which isawidely

used gammaray scintillation detector (scintillate=

to emit sparks or flashes). Every timeagammaray is  cein
emitted from the blood sample, the crystal emitsa

flash of light. The number of light flashes reflects the

number of gammarays emitted from the blood

sample. In Dr. Alfrey's experiment, the astronauts

were injected with the labeled albumin preflight (to

obtain a baseline measurement), twice inflight, and

postflight. About 30 minutes after each injection, a
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blood sample was taken and PV was determined. The SIGHAL

results are shown in Figure 12. _

Figurell. A
RBCM was al'so determined using the dilution sodium iodide
method. However, the "markers’ used in this case crystal isused to
were radioactive labeled RBCs. Before the mission, a  detect gamma
blood sample was taken from each astronaut and rays. The energy
combined with acompound called sodium chromate ~ from the gamma
(Na2CrO4). This compound specificaly entersthe &y IS
RBCs in the blood sample where aradioactive isotope  transformed by

of chromium (51 Cr) sticks strongly to the thecrystal into a
hemoglobin. The blood sampleisthen spunina visible form of
centrifuge so that the plasma separates from the energy- light

RBCs. The plasmaisremoved and dl that isleftare  flashes.
the radioactive 51 Cr labeled RBCs. The labeled RBCs are then injected back into the astronauts where they will circulate
and distribute evenly in the bloodstream.

The same blood sample that is taken to determine PV can also be used to determine RBCM. Both the 1 25-iodine and
the 51 Cr are gammaray emitters. However, the two radioactive materials emit gammarays that are different in energy.
Therefore, when the blood sample is placed into the sodium iodide crystal, the gammarays that are emitted from the 51
Cr are higher energy photons (and therefore brighter) than those that are emitted from the 125-iodine. Therefore, the very
bright flashes are counted as 51 Cr gammaray emissions and the dull flashes are counted as 125-iodine gamma ay
emissions.

PV was measured preflight, at 22 hours and about 160 hoursinflight, and then again postflight. RBCM was only
measured preflight and within two hours postflight, but it is assumed that it decreased in alinear fashion throughout the
mission (therefore, a straight line was drawn on the graph in Figure 12 between the preflight and postflight values). Once
the PV measurement va ues and the RBCM vaues were obtained, Dr. Alfrey's team could easily determine total blood
volume (TBV). Remember, the TBV in your system consists primarily of two main parts, the plasma and the RBCs.
Therefore, TBV = PV + RBCM. The TBV was calculated by adding PV and RBCM. The datafor PV, RBCM, and the
caculated TBV are shown in Figure 12.

Now, what does the data indicate? Well, from the results shown in Figure 12, it is clear that early in the mission there was
adrop inthe PV followed by adeclinein RBCM. Asthe flight continued, some of the early lossin PV was regained,
thereby replac ing the TBV lost due to the decrease in RBCM. These changes suggest that the TBV is regulated

precisaly by changing the volumes of its two components, RBCM and PV.



Changes in Various Blood Components During Space Flight
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Figure 12. Plasma volume (PV), red blood cell mass (RBCM), and total blood volume (TBV)
during space flight are all below preflight levels.

Thefinal measurement in this set involves the determination of hematocrit. Y ou have already learned that hematocrit isa
measure of the volume of RBCs in the body expressed as a percentage. What you may not have known isthat there are
two different kinds of hematocrit values. Most of the hematocrit determinations that are done routinely are called
peripheral venous hematocrit (PVH). This meansthat blood is taken from the peripheral (or outside surface) veins
that are easily accessible. Asyou know, the peripheral venous hematocrit vaues are usually about 42 for women and 47
for men. However, the percentage of RBCsin the blood from the surface veins can differ somewhat from the percentage
of RBCsinthe blood of the veins and arteriesth at are found deeper in the body. The deeper blood vessals usualy have
hematocrit values[called total body hematocrit (TBH)] that are lower than the hematocrit values found in the
peripheral vessels (PVH). Thisis partly because there are alarge number of capillariesin the deeper portions of the body
that are smaller and have alower percentage of RBCs and a higher percentage of plasma.

It isdifficult and dangerous to obtain blood samples from deep within the body. This would require long needlesto be
penetrated deep into the core of the body. Therefore, an equation is used to calculate TBH:

FORMULA

Thevauein obtaining both TBH and PVH liesin their combination as aratio (TBH/PVH). The vaue of that ratio can be
compared with what would be considered anormal vaue. It iswell known that, on Earth, theratio of the TBH to the PVH
(TBH/PVH) in anormal individual is.90. Dr. Alfrey's team determined the astronaut's TBH/PVH ratio for astronauts
preflight, inflight, and postflight. The datafor PVH, TBH, and for the ratio TBH/PVH is shown in Table 4.

From Table 4, you can see only small changesin the PVH. However, the TBH did increase early in the flight. These
resultsillustrate the hazard in relying only upon the PVH as atrue indicator of overall RBC volumein the body. The key
determination for this set of hematocrit valuesisthe ratio TBH/PVH. As mentioned previoudly, in healthy human beings
here on Earth, aratio vaue of .90 is considered normal. Asyou can see from Table 4, the ratio increases early inflight
and then returns essentially to the preflight value.

In this section, we have merely been describing the magnitude of the symptoms that suggest that the erythrokinetics of
space flight are different from that on Earth. Whether on Earth or in space, the body obviously works very hard to
maintain a certain percentage of RBCs, and when that percentage changes, certain mechanisms are "turned on" or "turned



off" to help maintain tight control of the number of RBCsin the body. In the next section, we will examine how the
hormone erythropoietin actsto "turn on" or "turn off" the RBC faucet and how that mechanism may act differently in
space than it does on Earth. Also, we will examine how the number of reticul ocytes (immature RBCs) in the blood
indicates the rate of production of RBCs.

Table 4. Peripheral venous and total body hematocrit data.

Peripheral Hematocrit

149 Inflight Postflight
Crew Mean Standard 22 160 R+0 R+14
Members Deviation Hours Hours
1 38 0.3 42 45 41 36
Z 43 0.4 41 41 42 41
3 39 03 40 41 38 36
Total Body
149 Inflight Postflight
Crew Mean Standard 22 160 R+0 R +14
Members Deviation Hours Hours
1 34 0.008 42 34 36 =
2 38 0.008 41 40 38 8
3 34 0,010 A0 a7 34 -

Total Body Hematocrit/Peripheral Hematocrit

149 Inflight Postflight
Crew Mean Standard 22 160
Members Deviation Hours Hours Rl AnEAs
1 0.87 0.0z 1.05 0.76 0.88 -
2 .90 0.03 1.05 0.98 0.98 -

3 0.86 0.04 0.95 0.90 0.90 5



I1. The RBC Faucet M easurement of Erythropoietin Levelsand Circulating

The body (and in most cases, the brain) is always monitoring every physiological function. If staying aliveisthe
body's goal, then homeostasis is one major strategy that the body uses to achieve that god. In smple terms, if any
change in any body function is detected by the brain, many mechanisms are activated to correct the change. As
mentioned previously, this detection and correction process is almost always done using negative feedback
mechanismes. If the kidney detectstoo little of something (oxygen, for instance, which is anindicator of too few
RBCs), the kidney sends a message to the body to release mor e of something else (the hormone erythropoietin, for
instance) to correct the situation. In our example, the erythropoietin travel s to the bone marrow to stimulate
increased production of RBCs. That is, the erythropoietin causes the "RBC faucet” to increase its flow. Conversely,
too much oxygen (indicating too many RBCs) will cause less erythropoietin to be released, causing the "RBC
faucet" to decreaseitsflow.

Now, it must be noted here that the homeostatic condition of the body on Earth is different from the homeostatic
condition of the body in space. To state thisin termsthat you have heard before, the "Earth-normal™ condition of
the body is different from the "space-normal” condition of the body. The body goes through a natural process of
adaptation when it senses the new environment of space. The brain develops anew set of criteriafrom which to
judge the condition of the body, and the feedback mechanisms operate differently to reflect the new criteria.
Therefore, the PV, RBCM, and TBV changes that we looked at in the previous section are normal changes for the
body to undergo in space. And the space flight changesin erythropoietin levels and reticulocyte counts that you
will look at in this section are a so normal adaptive measures undertaken by the body in response to the new
environment of space.

Erythropoietin Levels
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Figure 13. Preflight inflight and postflight erythropoietin (EPO) levels.

In Dr. Alfrey's study, erythropoietin levels were measured from blood samples taken preflight, six timesinflight,
and podtflight. The inflight blood samples were frozen to assure their preservation for later analysis on Earth. As
you can see from Figure 13, theinflight erythropoietin levels are lower compared to preflight levels. In fact, they are
significantly lower (at times by up to 50%) until the end of the mission. The reduction in erythropoietin levels
indicates where at least some of the responsibility rests for the reduction in RBCM seen in the last section. One
day after landing, erythropoietin levelsincreased to twice preflight levels, presumably in response to the body's
immediate need to replace the RBCM that decreased in space. At this point, the brain has had to reprogram itself to
respond to the needs of the body under the conditions of Earth's gravity.



In the normal process of RBC production, there are certain precur sor cells that
must first develop in order to become full-grown RBCs. Precursor cells are the
"babies’ that eventually mature into full-grown RBCs. The bone marrow aways
has a supply of "RBC embryos," caled stem cells, that wait for the signal from
erythropoietin before they begin to develop. Once the erythropoietin signal
arrives, these stem cells mature into the "RBC babies' known asr eticulocytes.
There are always a small number of reticulocytes that are rel eased regularly by
the bone marrow into the bloodstream, but if RBC production isincreased for
any reason, there are proportionally more reticul ocytes circulating in the blood. If
RBC production is decreased for any reason, there are then less reticul ocytes
released into the bloodstream. Therefore, the number of reticulocytes in the blood
can indicate an increase or decrease in the production rate of RBCsthat is
occurring in the bone marrow.

The number of circulating reticulocytes in the bloodstream was determined
before and after the mission in order to understand if the rate of production of
RBCsis affected by space flight. This was done by taking a drop of blood from
each of the four astronauts, adding a methylene blue dye that selectively marks
the reticulocytes, and smearing the dyed sample on aglass dide. Under a
microscope, the number of reticulocytes in the blood sample can be counted

;l%gresll fld 'eb‘ (Figure 14) and this number can be converted to arelative volume overal. Dr.
showing Alfrey'sresults are shown in Table 5.

selectively

stained Table 5. Preflight and postflight reticulocyt t

reticulocytes. able 5. Preflight and postflight reticulocyte counts.

What do these resultsindicate? That is, why do the erythropoietin levels and the number of reticulocytes decrease?
Wéll, for one thing, the plasma volume decreasesinflight. If the RBCM did not also decrease, the blood would be
too thick with RBCs. Therefore, in order for the RBCM to decrease, the brain must signal the kidneys to sow
down the release of erythropoietin. The consegquence of decreased erythropoietin levelsisadecrease in
erythropoiesis. This means that there are less RBCs "born," which also means that the number of "baby RBCs," or
reticul ocytes, released by the bone marrow would decrease. It should be expected, then, that the decreased
erythropoietin level was accompanied by alowered reticulocyte count.

Another point to remember is that the body's oxygen requirement probably decreases inflight because astronauts
do not utilize their muscles in the same way that they must on Earth, where we must always work against
gravitational forces. Since RBCs carry the oxygen and there is less oxygen needed, then there are fewer RBCs
needed by the body whilein space.

We have talked about the negative feedback mechanism involving erythropoietin that is responsible for "turning
on" or "turning off" the RBC production faucet. We have also looked at one of the factors (the number of
reticulocytes) that indicate the rate of RBC production. In the next section we will look at the RBC production
process more deeply and how other factors may become involved to either influence the rate of production or to
affect the survival of RBCs.



1. RBC Production and Survival

Dr. Alfrey's entire experiment represents the first time that the basic mechanisms responsible for the observed
reduction in RBCs has been so thoroughly studied preflight, inflight, and postflight. Up to this point, we have
learned agreat deal about his experiment. We first examined the quantitative changesin the mgor blood
components resulting from space flight and found that, compared to Earth values,

o PV decreases,
e RBCM decreases, and
e TBYV decreases.

We aso learned about the two kinds of hematocrit values, peripheral venous hematocrit (PVH) and total body
hematocrit (TBH) and found that, compared to Earth values,

e PVH remains about the same,
e TBH initially increases but then stabilizes, and
e the TBH/PVH ratio initially increases but aso returns to an Earth-normal value.

Next we investigated the "first level" of indicators that verified that RBC production is decreased and found that:

e erythropoietin levelsin the blood decrease, and
e reticulocyte counts decrease.

Both of these factors, when looked at together, indicate areduced level of RBC production, which explains at |east
part of the reason for the RBCM decrease that occurs early in space flight.

Wow! Y ou have learned a great deal about Dr. Alfrey's experiment and his results up to this point. We now have
one more level of information to absorb in order to obtain a clearer picture of those mechanisms that may be
responsible for the decreased RBCM. This section deals with the issue of RBC production and survival.

Here on Earth,
production rate of RBCs = destruction rate of RBCs

so that asteady state always exists in the number of RBCsin our body. That is, there is always a constant number
of RBCsin our bloodstream on Earth. As RBCs become old, they are destroyed by the body to make room for
new RBCsthat are born to replace the old ones. If destruction of RBCs occurs befor e they ar e old, however, then
not only is the destruction rate increased but the surviva rate of healthy RBCsisreduced. Let's state that idea one
more time because you must understand the concept fully in order to appreciate this part of Dr. Alfrey's
experiment.

If RBC destruction increases, then RBC survival decreases.

Asan analogy, let's think about the consegquences of war. It may seem strange to bring the subject of war into a
scientific discussion, but it can serve as an example to clarify what we are talking about. During awar, thereisan
increase in destruction of human life. This means that there is also a decr easein the normal survival time (life
expectancy) of those lives that were destroyed. Therefore, as the destruction of human life increases, human
survival decreases. Now let's get back to the subject of RBCs.

We dready know that, in space, the number of RBCs decreases early in flight. We have a so learned that a reduced
production level of RBCsisresponsible for at least some of that early decrease in RBCs. The main point of this
part of Dr. Alfrey's experiment is to document how much the production rate decreasesin space and to determine
whether the survival rate of RBCs might aso be affected by space flight. Survival rate is determined by
measuring destruction rate (remember the war analogy?).

In order to study both RBC production and survival, the astronauts were injected with radioactive 51 Cr labeled
RBCs 21 days prior to launch and blood samples were taken from the astronauts at various points after the
injection. With the blood samples, two types of information could be obtained. First, the rate of RBC destruction
was determined in order to understand if RBC survival is affected by space flight. Second, the rate of RBC
production was determined. Now, how can survival and production rates be determined using radioactive labeled



RBCs? Let's examine this question.

When the radioactive labeled RBCs wereinjected into the astronaut, then the astronaut essentially had two groups
of RBCscirculating in the bloodstream. The two groups (radioactive and normal) of RBCs are identical in certain
respects and completely different in other respects (Table 6). First of all, the two groups of RBCsfunction
identically. That is, the radioactive RBCs (which remain radioactive their entire lifetime) carry oxygen to the cells
of the body just as the normal RBCs do. Also, the radioactive RBCs circulate normally in the bloodstream and they
aso live aslong as the normal RBCs.

Table 6. Similarities and differ ences between normal unlabeled RBCs and radioactive labeled RBCs
on Earth.

Catergory  Description Normal RBCs Radioactive RBCs Status

Function To carry oxygen to the cells of the body. Yes Yes Identical

Activities Circulate al around the body for entire lifetime. Yes Yes Identical

Destruction  After lifetime of 120 days they are destroyed. Yes Yes Identical

Production  AS RBCs grow old and are destroyed, new RBCs are Yes No Different
produced to replace them.

I dentification Emit gamma rays enabling accurate identification and No Yes Different
guantification.

There are two main differences, however, between the two groups of RBCs. New radioactive RBCs ar e not
produced by the body when the old ones die, whereas new norma RBCs ar e produced. Secondly, the radioactive
51 Cr that is attached to the labeled RBCs emits gammarays, causing the labeled RBCs to be distinguishable from
normal RBCsin ablood sample through the use of ascintillation detector (as discussed in a previous section).
The number of gammaraysthat are emitted is proportional to the amount of radioactive labeled RBCsin the
sample. These differences are the key to why RBC survival and production can be measured.

As both groups of RBCs perform their function together in the body, a small percentage of them die every day.
Radioactive RBCs and normal RBCsdie at the same rate. Therefore, Dr. Alfrey'steam can take blood
samples at various intervals after the radioactive RBCs have been injected and watch how fast they disappear. This
disappearance rate of the labeled RBCswill tell Dr. Alfrey how rapidly both the labeled and the nonlabeled RBCs
are being destroyed. If they are being destroyed in space at the same rate that they are being destroyed on Earth,
then normal RBC survival is not in question. If, however, they are being destroyed in space more rapidly than they
are on Earth, then the RBC survival rate is decreased in space.



Once Dr. Alfrey has determined if the RBC destruction rateis
affected by space flight, he can use that information to determine
how much RBC production rate is affected by space flight. Let's
illustrate thisidea to make it alittle bit easier to understand. Look at
Figure 15. The green balls are radioactive RBCs and the white balls
are normal RBCs. To begin with, there are equal numbers of green
and white balls. Asthe balls are destroyed at the same rate, only the
white balls continue to be replenished. Therefore, theratio of

green balls to white balls continually declines. That is, the green
balls are becoming diluted by the continual addition of white balls.
By determining how fast the green balls (radioactive RBCs) are
being diluted by the white balls (normal RBCs), you can determine
how fast the white balls (hormal RBCs) are being produced.

Up to this point, we have discussed the basic principles behind the

measurements of RBC survival and RBC production. Let's|ook at

each measurement in a bit more detail, along with Dr. Alfrey's

results. Figure 15. An example of RBC destruction rate.

) 10 balls (all white) are
producted and added

in 5 minutes

'r:ﬂ balls (5
white and 5
green) are
remaoved and
destroyed in
5 minutes

Ratio (green/white) = 15/15=1/1=1

A.RBC Survival To measure the rate of survival of RBCs, the disappearance rate of total RBC 51Cr radioactivit
was measured. Thisis shown as TCrRBC in (figure 16), which isashort way of writing "total RBC chromium.” That is

the disappearancerate of the total RBC chromium (TCrRBC) is proportional to the RBC survival rate.
A magjor point to understand about thistest isthat the disappearance of total RBC 51 Cr radioactivity is caused by
either early death or removal. Early death would include hemolysis (premature bursting of a healthy RBC) and
phagocytosis (the attacking and killing of healthy RBCs by cell-eating phagocytes). The removal of RBCs refers
to phlebotomy (taking too many blood samplesfor tests like these).

This test depends on the measurement of radioactivity in the total amount of labeled RBCs. If RBCs die earlier
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than they normally do (from hemolysis or phagocytosis), or if too much blood is removed in the process of taking
blood samples (phlebotomy), the total number of RBCs will decrease more quickly than normal. Dr. Alfrey can
make corrections in his data to account for any loss of blood due to phlebotomy; therefore, the disappearance rate
of TCrRBC will indicate if unexpected hemolysis or phagocytosisistaking place. If so, RBC surviva will be
decreased and if not, RBC survival will be normal.

To determine the survival rate of RBCs, Dr. Alfrey'steam took blood samples at variousintervals after the initial
injection Of 51 Cr labeled RBCs. The same labeled RBCsthat wer e injected into the astronautsto
determine RBCM (which we talked about in a previous section) are used to carry out measur ements of
both RBC survival and production. For each blood sample that is taken, the amount of radioactivity in the
sampleis determined by using the scintillation detector that we discussed earlier. From doing the original RBCM
measurement from a blood sampl e taken soon after the injection of radioactive RBCs, Dr. Alfrey knows how much
radioactivity wasin the astronaut's system to begin with. Thisinitial measurement is considered the 100% reference
point to compare each subsequent measurement. Therefore, the leve of radioactivity in the next blood samplethat is
taken will have some percentage less than the first measurement. Then the next blood sample that is taken will have
some greater percentage less than the first measurement, and so on. If these percentages are plotted on a graph
relative to the time that the samples were taken, the Sope of the curve connecting the points will indicate the
disappearancerate of the labeled RBCs from the bloodstream. This disappearance rate indicates how fast the
RBCs are being destroyed and whether RBC survival isnhormal or reduced.

The open square data points in Figure 16 indicate the rate of survival (TCrRBC) of RBCsfor the astronautsin Dr.
Alfrey's experiment. As you can see, measurements were taken five times preflight, and afinal measurement was
taken after the mission. No inflight measurements were taken for this determination; however, it is assumed that the
rate of survival continued in alinear fashion from the preflight value to the postflight value. Therefore, astraight
line was drawn between those data points.

B. RBC Production

To measure the rate of production of RBCs, the disappearance rate of 51 Cr per gram of hemoglobin in the
blood sampleis determined. Thisis shown as Cr/gHb in Figure 16,.which isashort way of writing "chromium per
gram of hemoglobin." That is,

the disappear ance rate of chromium per gram of hemoglobin (Cr/gHb) is proportional tothe RBC
production rate.

The main point to understand about thistest isthat as new unlabeled RBCs are produced in the bone marrow, they
arereleased into the bloodstream. The release of new unlabeled cells dilutes the circulating labeled RBCs. Over
time, theratio of labeled RBCs to unlabeled RBCs decreases. The rate at which the labeled RBCs become diluted
with unlabeled RBCsis proportional to the rate of new RBC production.

This measurement is not affected by the destruction of RBCs or by the removal of RBCs when blood samples are
taken. That is because this measurement does not depend on the actual amount of RBCsin the system (asthe
RBC survival measurement does); it only depends on therelative ratio of unlabeled RBCsto labeled RBCs. RBC
production can be determined, then, by looking at relative changesin the ratio of radioactive RBCsto normal

RBCs. The changein thisratio can be determined by looking at how fast the radioactive RBCs become diluted by
the production of normal RBCs.

The round data pointsin Figure 16 indicate the rate of production (Cr/gHb) of RBCsfor the astronautsin Dr.
Alfrey's experiment. Asyou can see, measurements were taken five times preflight, six timesinflight, and afinal
measurement was taken after the mission.

Now, we have covered RBC survival and production separately up to this point and two main questions have
emerged:

1. Doesthe survival rate of RBCsin space differ from the survival rate of RBCson Earth?
2. Does the production rate of RBCsin space differ from the production rate of RBCson Earth?

We can now answer these questions. The preflight portion of Figure 16 indicates both the production and survival
rates on Earth. Asyou can see, both rates are identical until the astronauts enter the space environment. At that

point, the rate of production of RBCs slows down (compared to the rate of production on Earth) while the surviva
rate continues normally. The divergence of the two linesindicates areduced production of RBCs during the flight.
From this data, Dr. Alfrey concludes that the decrease in production together with normal age-related death



accountsfor the observed decreasein RBCM.



Congratulations!

We have come to the end of the scientific description of Dr. Alfrey's experiment. It isleft up to you to return to Dr.
Alfrey'soriginal hypotheses to determine which of the two were supported by the data. Y ou and Dr. Alfrey now have
the answers to make those determinations. But these answerswill only lead scientiststo develop a deeper set of
guestionsto explore. That iswhat scienceisal about. It isacontinual search for explanations and connections.



SPEAKING OF SPACE

Now is once again the time to practice the devel opment and delivery of a scientific presentation. The scientific
results that you have just examined are broken into three sections. For this activity, your teacher will assign three
small groups to take one of the three sections and develop a plan for presenting the information in a clear and
concise way. This activity isidentical to the " Speaking of Space" activity from the previous chapter. Therefore, the
guidelines from the last chapter are repeated here to serve as areminder for you. There is one dight difference,
however. In the development of your presentation, you should attempt to point out to your audience how different
areas of science were blended to carry out Dr. Alfrey's experiment. Let's examine thisidea alittle more closely.

Dr. Alfrey's study incorporates some very interesting and important concepts related to biology, physics,
mathematics, and chemistry. Y ou may not have even realized that you were entering such worlds. A new chdlenge
to you involves understanding and appreciating the connections between the biologicd, physica, mathematical, and
chemical principles that you have been exposed to in this chapter. For instance, the dilution method for determining
volumes that we covered extensively in this chapter includes the use of chemistry, physics, mathematics, and
biology. For your assigned section, look back at the methods and principles used to explain the science and point
out in your presentation how basic math was used for certain calculations, or how basic physics or chemistry
principles were used to carry out the experiment. Help your audience appreciate how al of the sciences play a part
in the background, design, and accomplishment of scientific experiments. The following guidelines will help you
design avaluable presentation.

1. Imaginethat your small group isthe actual scientific team that conceived, planned, and carried out
the experiment. (Of course, the astronauts actually carried out the inflight portion of the experiment but your role
during thistime was to oversee all of the activities and make sure that they were trained appropriately to do the
right job.)

2. You should design your presentation asif your audience has never heard the information before. This
means that you must first provide enough background so that your audience can understand the significance of the
study. That is, explain why this study isimportant. Keep the audience foremost in your mind as you design your
presentation and always make it as easy as possible for your audience to understand.

3. You must present information about the hypothesis, your methods, and the results. Remember that a
hypothesis should be a simple, basic statement about what you expect the results to indicate. Develop your own
hypothesis based on what was actually expected before the results were obtained. The description of your methods
should include information about your protocol, the equipment that was used and how it was used, information
about who the subjects were and how many there were, and anything else that is relevant about your study. In
planning for your presentation, you must aso determine the best way to display your results. Y ou may want to
graph the data or present atable of values. If you choose to produce a graph, include atitle, the units of
measurement on each axis, alegend, and make it as clear as possible. Also, remember to tie the results of your
study back to the hypothesis.

4. Explain what the resultsindicate about how the body responds to space flight. Also try to determine
how the results might affect our understanding of human physiology here on Earth. Which, if any, health problems
that we encounter on Earth might be helped by the knowledge you have gained from your space flight results?

Keep in mind that there are literally dozens (and sometimes hundreds) of people involved in carrying out a space
flight investigation, each of whom is responsible for his or her very own specific aspect of the study, and each of
whom is absolutely necessary to the success of both the individual experiment and the overall mission. There
should be plenty of different roles for the different members of your team. There should certainly be a principal
investigator who isin charge of the whole study, just as Dr. Alfrey wasin charge of the real study that we've been
learning about in this chapter. Also, amember of your team might serve as the engineer involved with the
equipment. Another member of your team might be a physician or a physiologist that is assi gned to make sure all
of the experimental procedures are carried out safely. There might also be various technicians that are responsible
for collecting the data or producing the graphics. There are plenty of jobsfor everyone. Y ou may want to use more
th an one person to present the experiment to your audience. And don't be afraid to use plenty of visual aids. Be
imaginative but also be faithful to the main objectives of your experiment.

After each presentation, there should be a short question and answer (Q& A) period so the audience has the chance
to ask relevant, thoughtful questions. Rely on your team members to help you answer the questions. Don't let this



Q&A session scareyou. It isaways a part of any well planned presentation. And remember, you will be on the
other side of the fence asking questions of all the other groups! Good luck!



REVIEW QUESTIONS
Earth Physiology

1
A. Name three main cellular components of blood.
B. Briefly describe the main function of each.

2. Describetherole of plasmain the body.

A. What isthe blood test that measures the amount of red blood cells in the blood.
B. Describe how thistest isdone.

4. ldentify the part of blood that givesit ared color and stateitsrole in carrying oxygen to the cells.

5. Describe the process which controls red blood cell production.

6. Identify the term used to describe the production of red blood cells and identify the main site of



production?

7. Name the organ of the body which triggers the production of red blood cells and explain how it is done.

8. Describe the events that take place after the red bone marrow istriggered o produce red blood cells?

9. What controls the rate of red blood cell production?

10. Anaverage male of 70kg has approximately 5.0L of blood. Based on a hematocrit of 45%, calculate the
total body volume of 1) RBC'sand 2) Plasma.

Hematocrit Vaue: .45 or 45%
Plasma Proportion: .55 or 55%

Space Physiology

1. Why isthe question of whether red blood cell elimination in space is due to a decrease in production or an
increase in destruction important?



. Itisknown that the astronaut's total blood volume decreases in space. What is the term used to describe
this occurrence and why does this happen?

. ldentify the various blood measurements taken to gather data on the effects of space travel on blood.

. ldentify the method used to measure the plasma volume and the red blood cell mass, name the isotope used
in the method, and describe the method used.

. ldentify and distinguish between the two types of hematocrit values. Explain why one method is used more
often than the other.

. Did Dr. Alfrey's studies show that erythropoietin levelsincreased or decreased during flight and what was
the significance of thisfinding?

. What measurement was made to monitor the production rate of red blood cells and explain how it was
interpreted?



8. Explain the two main differences between unlabelled RBCs and labelled RBCs that allow the [abelled
RBCsto be detected in ablood sample?

CRITICAL THINKING

1
A. Given: An average person has about 7,000 white blood cells per mm of blood and 5,000,000 red
blood cells per mm. Calculate the Ratio of white blood cells to red blood cells.
B. Based on what you have learned what does thistell you about the production rate of each cell type
and its function?
2. Describe how therate of production of red blood cellsistied to the disappearance rate of the isotope 51-
chromium?
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Survival and Replacement of RBCs Preflight and Inflight
Figure 16. Percent
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Table 5. Preflight and postflight reticulocyte counts.
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