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LATE IMMUNOBIOLOGICAL EFFECTS OF SPACE RADIATION

INTRODUCTION

Specific Objectives

The overall objective here was to obtain a profile of the
immune competence in rhesus monkeys more than 25 years after
exposure to simulated space radiation. To this end, the studies
were divided into 2 subtasks:

(1) To assess the antibody-mediated immune (AMI)
function by measuring immunoglobulin (Ig) levels,
hemolytic complement activity, and autoantibodies.
These parameters are associated with B-cell function.

(2) To assess the cell-mediated immune (CMI) function
by measuring selected T- and B-cell activity as well
as response to mitogens and interleukin production.
These parameters are associated with T-cell function.

Subtask 1 was performed at Trinity University, Department of
Biology, under the direction of primary investigator, Professor
William H. Stone. Subtask 2 was performed at the University of
Texas Health Science Center under the direction of Dr. Michael L.
Miller.

Background

The rhesus colony at Brooks Air Force Base Chronic Radiation
Colony (CRC) has been maintained for about 25 years to gain infor-
mation regarding late effects of exposure to ionizing radiations.
To date, the most dramatic effects have been life-shortening
associated with organ degeneration, cancer, endometriosis, and
opportunistic infections (Yochmowitz, et al., 1985).

The availability of the CRC of rhesus monkeys provides a
unique opportunity to study immune defects which would be of great
potential relevance to human diseases that may occur in astronauts
and high-flying pilots.

Previously, some pilot studies were completed which suggested
that these syndromes could have a common etiology related to
aberrant immunologic function. Three immunologic parameters of the
serum were studied: (1) Ig levels, (2) total complement activity,
and (3) the frequency of autoantibodies. Some differences were
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observed in all 3 of these parameters. Most notable was the
exceptionally high frequency of autoimmune antibodies as compared
to an age-matched unirradiated control group of rhesus monkeys.
These preliminary studies suggested that we should include a series
of function assays of immune competence. The monkeys have already
passed more than their median life span; therefore, it was
important to initiate these studies as soon as possible while the
animals were still alive.

In Table 1, we present an inventory of the serum samples from
the CRC that are available for this study. In all, we have over
2,500 samples in our freezers, of which over 1,500 are from the CRC
monkeys obtained over a span of 5 years, representing 13 bleeding
dates. The other samples are from nonirradiated monkey colonies
other than the CRC. Whereas the task called for the testing of
only 60 samples from the CRC, we have tested more than 800 samples
to obtain a complete picture of the variation in these parameters
over time. We have over 1,000 serum samples from the Wisconsin
Regional Primate Research Center (WRPRC). These samples will
provide age-matched unirradiated controls for the CRC animals, as
well as animals of different ages. This setup will permit us to
evaluate the effects of aging in the CRC colony, since most of the
monkeys in the CRC colony are over 25 years old.

TABLE 1. INVENTORY AND TESTS OF SERUM SAMPLES FROM THE CRC
Sample Bleeding Approximate Tested for Data Entered

Date Number of 3 AMI in Computer
Year/Mo. Samples parzmeters (Y=yes. N=no)

85/03 80 Y Y
85/08 71 N N
85/11 80 N N

86/03 142 Y Y
86/08 150 N N
86/11 149 N N

87/03 139 Y Y
87/08 135 Y Y

88/01 130 Y Y
88/08 125 N N

89/01 122 Y N
89/08 118 N N

90/03 104 Y N

2



Methodolofy. The serum samples were assayed by a single radial
immunodiffusion tec&.nique using commercially available (Kallestad
Laboratories, Inc., Austin, TX) immunoplates that are routinely
used for quantitative assays of human Ig levels. It seemed
justified to use the human system to test the monkeys, because the
major Ig classes are about 90% homologous among the various primate
species; and because our aim was to compare the levels of Ig among
the monkeys themselves. All of the tests were set up and read at
18 and 72 h by the same operator, taking careful note of the lot
number and the standard reference curves for each test kit. The
samples were suitably diluted to obtain clear-cut reactions (i.e.,
diameters of precipitation rings). A computer program was written
that converted precipitation ring diameters to international units
based on the standard curve for each lot of Ig plates. IgG, IgA
and IgM levels were assayed.

Results. A preliminary analysis of the data from bleed sample 87/08
indicated that there was no significant (p > 0.05) difference
between the irradiated and control monkeys in mean levels of the 3
classes of Ig. On the other hand, there were as many as 10 monkeys
in both treated and control groups with Ig levels 2 or more
standard deviations away from the mean values suggesting some
pathological condition. However, upon checking the health records
of these 10 monkeys, we could find no clear-cut correlation between
the aberrant Ig values and their health status.

At this point in our studies, we decided to group the
irradiated monkeys into 4 groups according to radiation dose and
whether or not the type of radiation would or would not reach the
blood-forming organs (bone marrow, spleen, liver, etc.). This
decision seemed justified on 2 grounds: (1) the immunologic
parameters that we were studying are elaborated by the blood-
forming organs (BFO), and (2) there were too few monkeys in each of
the several dose and energy radiation classes with which to carry
out reliable statistical analyses.

Thus, the 4 groups were:

Dose (rads) Penetration to BFO

1. High dose : No BFO (32 or 55 MeV)
(More than 200 rads)

2. Low dose : No BFO (32 or 55 MeV)
(Less than 200 rads)

3. High dose : Yes BFO
(More than 200 rads) (138, 400 or 2,300 MeV)

4. Low dose : Yes BFO
(Less than 200 rads) (138, 400 or 2,300 MeV)
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These analyses have just begun. Figures 1, 2, and 3 (a, b, c,
d, and e) are dot plots of the data on the Ig levels (G, A, and M)
among the samples obtained in August 1987(sample bleeding date
87/08'. Each Ig class is plotted for both the 18- and 72-h
readings in the 4 different treatment classes.

A comparison of the results of the controls vs. the irradiated
monkeys shows no significant differences. The preliminary results
(not yet statistically analyzed) would seem to confirm our earlier
analyses suggesting that there is no detectable effect of irradia-
tion on the Ig (G, A, and M) levels in the survivor monkeys.
Similar analyses of data for the other bleeding dates are underway.

FIGURES 1, 2 & 3 (a, b, c, d and e): Dot plots of the IgG, A,
and M levels in each of the
4 treatment categories and
the levels in the untreated
controls, expressed in
mg/dl at the 18- and 72-h
readings.
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Preliminary analyses also indicate a significant sex
difference for all 3 Ig classes. Female monkeys tend to exhibit
lower levels of IgG and IgA, but higher levels of IgM. The
biologic significance of this finding is unexplained, but a similar
sex difference has been observed in humans (Grundbacher and
Shreffler, 1970). We believe that our data represent the first
time this difference has been reported in rhesus monkeys. This sex
difference occurred within both the irradiated and control CRC
monkeys (data not shown because analysis is not complete).

Effects of Freezing and Thawing on Iq Levels

Methodology. Because the serum samples are stored frozen (at -70"C)
for varying periods of time and frozen and thawed on more than one
occasion, we felt that it was important to test the effects of
freezing and thawing on the Ig levels. Serums from 1 male monkey
and 1 female monkey were frozen and thawed at weekly intervals for
6 weeks. A total of 500 pl of each serum was kept frozen at -700C.
Each week the sample was thawed and 50 Al removed. The remaining
serum was refrozen. This procedure was repeated for 6 weeks. Each
aliquot was tested in 8 wells of the radial immunodiffusion plate
for all 3 Ig (G, A and M).

Results. The results are summarized in Table 2. There are no
significant differences among the various thawed samples in any of
the Ig's. Thus, we think it is safe to conclude that freezing and
thawing as many as 6 times has no effect on the Ig levels.

Table 2. EFFECTS OF FREEZING AND THAWING ON Ig LEVELS IN SERUM OF
RHESUS MONKEYS STORED AT -700C

Mean Diameters of Precipitation Rings at 72 h
Weeks IgG IgA IgM
frozen J51 J70 J51 J70 J51 J70

0 3.65 7.47 5.60 7.14 5.04 6.24
1 5.70 7.62 5.60 7.20 5.09 6.20
2 5.08 NT NT NT 5.20 7.30
3 5.68 7.41 6.05 7.08 5.44 6.15
4 5.76 7.65 5.90 7.15 5.15 6.28
5 5.82 7.72 5.99 7.16 5.17 6.23
6 5.71 7.65 5.80 7.18 5.11 6.44

NT = not tested
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Level of Functional wHemolytic Complement

Methodology. The serum samples were assayed by a commercial radial
immune assay similar in principle to the test used for measuring Ig
levels. Serum to be tested is placed in wells of precise dimen-
sions and diffuses through the agarose gel containing standardized
sheep erythrocytes sensitized with hemolysin. If all complement
proteins are present in sufficient quantity, the sheep red blood
cells are lysed to form a clear zone ring. A reference curve is
constructed on semi-logarithmic graph paper; ring diameters cleared
by reference sera are plotted on a linear scale and their corre-
sponding concentrations on the logarithmic scale. The points are
connected, and unknown concentrations are determined by locating
the cleared zone ring diameter of the sample on the reference
curve. All tests were set up and read after 6 h by the same
operator.

During the previous contract period, we determined that for
reliable complement assays the clotted blood must be cooled imme-
diately after bleeding the animal, and that the serum must be
harvested within a few hours after bleeding. Also, the sera must
be stored at -700C. An experiment to determine the effect of
freezing and thawing on the hemolytic complement level was
completed during the previous project period. The experiment
indicated that there was little or no effect of freezing-thawing on
the complement level. During this project period, we tested the
hemolytic complement level of sera from 3 additional bleeds.

Results. As shown in Table 3, we have tested 611 samples from the
CRC animals representing 5 different bleedings over a period of 3
years (1984 to 1987). We have also tested 133 samples from the
Wisconsin Regional Primate Research Center (WRPRC) in Madison, WI,
and 114 samples from the National Institute of Aging (NIA) in
Bethesda, MD. These other samples served as controls to the CRC,
both age matched and age mismatched. The data have not yet been
statistically analyzed, but preliminary analyses indicate no
significant differences in complement activity between irradiated
and control CRC monkeys. There apparently is no significant
difference between the complement activity of the CRC monkeys and
the monkeys from the 2 other colonies, except for the 1984 and 1985
samples. The low complement activities in the CRC 1984-85 samples
are likely the result of degradation during handling and storage.

It is worth noting that in humans, complement activity less
than 70 CHI , units is suggestive evidence of some pathology.
Whereas most of the average values we obtained were not less than
70 units, some individual samples fell well below this level.
Additional tests and analyses on the other samples are continuing.
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Table 3. COMPLEMENT ACTIVITY (AS MEASURED BY DIAMETERS OF HEMOLY-
TIC PLAQUES) AND CHI,) HEMOLYTIC UNITS OF RHESUS MONKEYS

Number Approx. Avg. Diam.
Sample Bleeding Samples Animal Diam. CH Range
Source Date Tested Age (Yrs.) (mm) Units (mm)

CRC 85/03 167 23 3.4 <262 2.6-5.3
CRC 85/11 22 22 4.1 <26' 2.6-5.4
CRC 86/03 147 24 5.4 72 4.4-6.4
CRC 87/03 140 25 5.4 72 4.7-6.2
CRC 87/08 155 25 5.3 80 4.3-6.2
CRC 88/01 128 26 5.1 86 4.4-6.2

WRPRCb 85/06 133 20 4.0 <26 2.6-5.5
WRPRCb 86/07 100 0 20 5.2 71 4.2-6.0

NIAC 87/03 114 <5 20 5.6 85 4.6-6.3

Diameters with complement values of <26 CH,0 units are con-

sidered critically low.

Wisconsin Regional Primate Research Center

National Institute of Aging, representing 30 individual

monkeys bled at different times during the 87/3,8 period.

Incidence of Autoantibodies

Methodoloqy. Serum samples were assayed using an indirect fluores-
cent antibody test kit (Kallestad Laboratories, Inc., Austin, TX).
Autoantibodies in a test sample bind to homologous antigens in the
substrate. Excess (unbound) serum is then removed from the sub-
strate by washing. Fluorescein isothiocyanate (FITC) antiserum is
added to the substrate and attaches to the bound autoantibody.
After a second washing step to remove excess FITC, the substrate is
coverslipped and viewed with a fluorescent microscope for specific
fluorescent patterns which indicate the presence of autoantibodies
in the test sample.

Results. Table 4 shows the results of our preliminary analysis of
the autoantibody frequency in the CRC as compared to age-matched
groups of monkeys at the WRPRC and NIA.

14



Table 4. FREQUENCY OF AUTOANTIBODIES IN SERUM OF RHESUS MONKEYS
Number Fluorescent Patterns'

Sample Bleeding Samples Positive Weak Positive Negative
Source Date Tested %) (%) (%)

CRC 85/03 143 25 (17) 27 (19) 91 (64)
CRC 86/03 149 21 (14) 11 ( 7) 117 (79)
CRC 87/03 141 24 (17) 20 (14) 97 (69)
CRC 87/08 135 22 (16) 6 ( 5) 107 (79)

WRPRC 85/07 157 18 (11) 44 (28) 95 (61)

NIA 87/03 30 1 ( 3) 11 (37) 18 (60)

TOTALS 755 Ill (14.7) 119 (15.8) 525 (69.5)

" By far the majority (74%) of the strongly positive reactions were

for anti-reticulin antibodies. The next most frequent type (12%)
was anti-nuclear antibodies. The remaining (14%) was distributed
among anti-smooth muscle, anti-parietal cell, and undetermined
types.

We have completed tests on 568 serum samples from 4 different
bleedings of the CRC monkeys. We also tested 187 samples repre-
senting the 2 other monkey colonies. In total, we have assayed 755
serum samples for the presence of autoantibodies. We found that
I11 of the 755 samplcs (i.e., 14.7%) exhibited strong autoanti-
bodies, while an additional 15.8% exhibited weak antibodies. Taken
together, about 30% of all of the sera had auto-ntibodies. In the
CRC monkeys, we observed an average of about 27t with autoanti-
bodies (strong and weak). The frequency of strong reactors
averaged 16% among the CRC monkeys, 11% among the WRPRC monkeys and
3% among the NIA monkeys. The values have not been tested statis-
tically, but apparently the CRC monkeys exhibit the highest fre-
quency of autoantibodies. Our analyses are not complete, but in
the 87/08 sample bleed date, there is no apparent significant
difference between the frequency of autoantibodies in the irra-
diated monkeys (16.2%) and the control monkeys (18.2%). A sex
difference could not be ascertained because most of the animals are
males. By far the majority (90%) of strong reactions were for
anti-reticulin antibodies that are associated with celiac disease
in humans (Eterman & Feltkamp, 1978). About 10% were anti-nuclear
antibodies that are associated with renal disease, especially
systemic lupus erythematosus (Schwartz, 1986).
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We have not yet completed our analyses of whether or not there
is a correlation between the presence of autoantibodies and the
source or energy of the radiation. However, preliminary analyses
indicate that there are no significant differences in the frequency
of autoantibodies among the various treatment classes.

Studies of Cellular Immune Functions

Background. Exposure to radiation is known to cause a rapid
decrease in the number of circulating B and T lymphocytes in humans
(Sado, et al., 1978; Yamakido, et al., 1982; Sieber, et al., 1985;
Fuks, et al., 1976; and Stratton, et al, 1975). The ability of
these cells to proliferate in response to mitogens also decreases
following radiation exposure. These conditions are often short-
lived, and both the numbers and function of human B and T cells may
recover within as little as 3 months after exposure. The time
necessary for full recovery depends upon the amount of radiation
exposure, the areas of the body exposed, and the age of the subject
at the time of exposure. However, little is known about long-term
effects of radiation on the immune system.

MATERIALS AND METHODS

Isolation of Peripheral Blood Mononuclear Cells

Sterile blood samples were obtained from the monkeys by veni-
puncture, placed in tubes containing heparin anticoagulant and
transported from Brooks AFB to the University of Texas Health
Science Center at San Antonio (UTHSC-SA). Blood was placed on an
equal volume of Ficoll-Hypaque and spun at 1,800 rpm (400 G) for 45
min. The buffy coat (white cell) layer was rcmoved and Hank's
balanced salt solution (HBSS) was added until the total volume was
50 ml. The cells were then centrifuged for 7 min at 1,800 rpm
(400 G). HBSS was removed and fresh HBSS added to 50 ml. The tubes
were centrifuged as before. HBSS was removed and 5 mlof enriched
(FCS) RPMI media was added.

Cell Culturing

After adding 5 ml enriched RPMI media, the cells were adjusted
to 200,000 cells per ml; 2,600 Al of enriched media with cells was
then placed into each well of 96-well microtiter plates. The
plates were incubated for 48 h under 5% CO 2 at 37

0C. Then, 50 Al of
either enriched media (control group) or the appropriate mitogen
(Con A, PHA or pokeweed) was added. The cells were incubated for
another 48 h. Then. 50 il of tritiated thymidine (- ACiiml) was
added to each well 6 h before placing the plates into a cell
harvester. Filter papers containing harvested cells were placed
into tubes with 2 ml of scintillation fluid to allow uniform
dispersion of radioactivity. Tubes containing the filter papers
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were placed into a scintillation counter for measurement of counts
per minute (CPM). As this effort was a direct measurement of the
amount of thymidine which the cells had incorporated, it reflects
cellular proliferation. The results obtained were analyzed by
computer.

Procedure for Making Enriched RPMI Media

Enriched RPMI media was made by mixing 500 ml of RPMI media
with 50 ml of fetal calf serum (FCS), 5 ml of HEPES buffer, and 5
ml of nonessential amino acids. Next was added 5 ml of L-
glutamine, 5 ml of pyruvic acid, and 3.5 ml of penicillin/
streptomycin. Finally, 5 x 105 M 2-mercaptoethanol was added.

RESULTS

We tested 93 monkeys during the experiment. Data analysis

examined both the actual CPM value and stimulation index for each
monkey. The stimulation index for each mitogen is the CPM value
divided by the control (no mitogen) CPM value. Stimulation indices
allow compensation for responses that display excessive prolifera-
tion without mitogen stimulation. The monkeys were grouped accord-
ing to radiation dosages.

Proliferative Response in the Absence of Mitogens

The average control CPM values in the absence of a mitogen are
shown for each radiation dosage group in Figure 4. The
proliferative abilities of peripheral blood mononuclear cells
decreased as radiation dosage increased. The numbers above each
bar on the histogram represent the number of monkeys in that dosage
group.

Proliferative Response of Cells Stimulated by Con A

The stimulation indices of cells stimulated by the T-
lymphocyte mitogen Con A (10 Ag) are shown for each group vs.
radiation dosage in Figures 4-6. As can be seen, there is no
observable relationship between dosage and the proliferative

responses to mitogen.

Proliferative Response of Cells Stimulated by PHA

The stimulation indices of cells stimulated by PHA (10 Mg,
which largely stimulates T cells) are shown in Figure 7 for each
group vs. radiation dosage. As can be seen, there is no observable
relationship between dosage and the proliferative responses to this
mitogen.
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Proliferative Response of Cells Stimulated by Pokeweed Mitogen

The average CPM and stimulation indices of cells stimulated by
the B-lymphocyte mitogen pokeweed (2.5 Ag) are shown for each group
graphed against radiation dosage in Figures 8 and 9. As can be
seen, there is no relationship between dosage and proliferative
responses to this mitogen. The numbers above each point represent
the number of monkeys in that radiation dosage group.
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Figure 4. The spontaneous proliferative abilities of peripheral
blood mononuclear cells (PBMC) from irradiated monkeys,
as measured by thymidine uptake, is inversely related to
radiation dosage. Cells are cultured for 48 h as
described in Materials and Methods. The numbers shown
above each point on the graph represent the number of
monkeys in that radiation dosage group.
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Figure 5. The proliferation of PBMC from irradiated monkeys in
response to 10 Ag/ml Con A,, as measured by thymidine
uptake, is not related to radiation dosage. Cells are
cultured for about 48 h as described in Materials and
Methods.
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Figure 6. The proliferation of PBMC from irradiated monkeys in
response to i0 gg/ml Con A, as measured by stimulation
indices (see Materials and Methods), is not related to
radiation dosage. Cells are cultured for 48 h as
described in Materials and Methods. The numbers shown
above each point on the graph represent the number of
monkeys in that radiation dosage group.
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ligure 7. The proliferation of PBMC from irradiated monkeys in
response to 10 gg/ml PEA, as measured by stimulation
indices (see Materials and Methods), is not related to
radiation dosage. Cells are cultured for 48 h as
described in Materials and Methods. The numbers shown
above each point on the graph represent the number of
monkeys in that radiation dosage group.

W ".noo* to po*

80

2a / 

/ V//i
V///

///

7'00
/PAM

Figure 8. The proliferation of PBMC from irradiated monkeys in
response to 2.5 Ag/ml pokeweed mitogen, as measured by
thymidine uptake, is not related to radiation dosage.
Cells are cultured for 48 h as described in Materials and
Methods. The numbers shown above each point on the graph
represent the number of monkeys in that radiation dosage
group.
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Figure 9. The proliferation of PBMC from irradiated monkeys in

response to 2.5 pg/ml pokeweed, as measured by stimu-

lation indices (see Materials and Methods), is not

related to radiation dosage. Cells are cultured for

48 h as described in Materials and Methods. The numbers

shown above each point on the graph represent the number

of monkeys in that radiation dosage group.

DISCUSSION

Based on our preliminary data, there does not appear to be an

effect of radiation irrespective of source or dose on any of the B

cell (AMI) immunologic parameters. However, rigorous statistical

analyses have not been completed. There is suggestive evidence

that exposure to radiation decreases the proliferative ability of

unstimulated T and B cells in rhesus monkeys. However, this

exposure does not appear to affect the immune cell function,

measured by proliferative responses of B and T lymphocytes to Con

A, PHA, and pokeweed mitogens. The drop in spontaneous prolifera-

tion could be due to several factors. Radiation exposure may have

decreased the number of cells available for continuous prolifera-

ation. However, human studies have shown that lymphocyte counts of

irradiated subjects eventually recover to levels equal to or higher

than those of non-irradiated control subjects (Sado, et al, 1978).

Alternatively, radiation-induced genetic defects might result in

inhibition of proliferative abilities. Other experiments have

shown that the proliferative abilities of mitogen-activated lympho-

cytes are significantly lower in experimental groups consisting of

subjects with chromosomal aberrations than in control groups

(Yamakido, et al., 1982). That lymphocytes with some types of

chromosomal aberration may be present in vivo after irradiation

also supports this hypothesis (Buckton, et al., 1967).
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We have the expertise of Professor Diane Saphire in the
Department of Mathematics, Trinity University, to help guide our
statistical analyses. We have embarked on an active program of
data entry and analysis. However, to date, very few statistical
analyses have been done, because we have continued to collect and
test serum samples. We expect to concentrate on data analysis
during the remainder of the current contract period. It is also
important to note that we are dealing with an aged, survival
population of rhesus monkeys. There is some evidence that there
are changes in Ig levels with age in humans (Grundbacher and
Shreffler, 1970) and data are also available on Ig levels in rhesus
(Eitzman, 1970). The occurrence of autoantibodies in nonhuman
primates has also been studied (Stone and Nandy, 1979). Thus, it
should be informative to compare the immunologic parameters in the
CRC with those in other rhesus colonies consisting of both age-
matched monkeys, as well as monkeys of various ages. These studies
are currently underway.

CONCLUSIONS

Preliminary analyses indicate that 4"ere are no significant
differences in the immunoglobulin (I-7 *a nd M) levels among the
control (unirradiated) and tre-it-d (irradiated) monkeys in CRC.
Some monkeys showed Ig levcls more than 2 standard deviations
different from the mean, wnich may be indicative of an immunologic
perturbation.

There did not appear to be a significant difference in the
hemolytic complement activity between the control and irradiated
monkeys. However, some monkeys had complement activity below the
level which in humans is indicative of pathology. These monkeys
will be followed up.

The frequency of autoantibodies (mostly anti-reticulum) was
not different between the controls and irradiated monkeys. The
overall frequency of autoantibodies in the entire colony seems
relatively high and must be compared with those of a different age-
matched colony as well as with monkeys of different ages.

By isolating peripheral blood mononuclear cells from the CRC
monkeys and measuring their proliferation by the incorporation of
tritiated thymidine in response to mitogen, we found no observable
relationship between radiation dosage and response Con A, PHA, and
pokeweed mitogens. In contrast, lymphocyte proliferation corre-
lated with radiation dosage in the absence of mitogen: cell
proliferation tended to decrease as radiation dosage increased.
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