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SHORT COMMUNICATION
Induction of Marrow Hypoxia by Radioprotective Agents

M. JOAN ALLALUNIS-TURNER,*t+ THOMAS L. WALDEN, JR..1
AND CHERYL SAWICH*

*Cross Cancer Institute and Y University of Alberta, Edmonton, Alberta. Canada T6G 172
tRadiation Biochemistry Department, Armed Forces Radiobiology
Research Institute, Bethesda, Maryiand 20814-5145

ALLALUNIS-TURNER. M. J.. WALDEN, T. L.. JR., ANL SAWICH. C. Induction of Marrow Hyp-
oxia by Radioprotective Agents. Radiar. Res. 118, 581-586 (1989).

The ability of thiol and non-thiol radioprotectors to induce hypoxia was determined using the
binding of [*H]misonidazole by bone marrow cells as a measure of hypoxia. When administered
at maximally radioprotective doses. four drugs (WR-2721, cysteamine, 5-hydroxytryptamine,
and 16.16-dimethyl prostaglandin E.) significantly increased tke amount of ['H]misonidazole
bound by marrow cells, while no significant increase in binding was observed with three other
agents (endotoxin, AET, superoxide dimutase). Doses of WR-2721 previously shown to provide
suboptimal radioprotection did not significantly increase 'H-misonidazole binding. These re-
sults suggest that the physiological effects of some radioprotectors, that is. their ability to induce
marrow hypoxia. may contribute to their efficacy in vivo. < 1989 Academic Press. Inc.

INTRODUCTION

Many compounds which possess sulfhydryl groups have been shown to protect
bone marrow from radiation injury. The most effective thiol radioprotective agent
is ethiofos [S-2-(3-aminopropylamino)ethylphosphorothoic acid or WR-2721] (1).
Several mechanisms of action have been postulated. These include hydrogen atom
donation, OH radical scavenging, formation of mixed disulfides, metal chelation, and
the production of hypoxia (2). Actual radioprotection may occur through a combina-
tion of these mechanisms. Studies using model biomolecule systems show that sulfhy-
dryls do interact with radiation-induced free radicals, but direci cvaluation in animal
models has been more difficult to achieve because of the short half-life of various
radical species. Nonetheless, it is believed that chemical mechanisms play a major
role in the radioprotective effects of these drugs in in vivo systems.

The possibility that the production of tissue hypoxia by radioprotectors contrib-
uted to the protective effects observed with these drugs has also been considered.
Some radioprotectors producc profound physiological changes including hyperten-
sion, apnea, brachycardia, and altered blood flow (3). Many of these altered physiolo-
gies can be induced by WR-2721 (4) and also by 16,16-dimethyl prostaglandin E,
(DiPGE-) (5. 6). The biological responses to these radioprotectors may have an im-
pact on marrow oxygenation. WR-2721 has been postulated to reduce the peripheral
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oxygen tension (4). Tissue hypoxia may also explain the protection observed with
certain non-thiol compounds, including 5-hydroxytryptamine (5-HT).

Direct evaluation of the role of marrow hypoxia in the radioprotection of the hema-
topoietic system has been hampered by the lack of a suitable method for quantifying
tissue hypoxia in vivo. With current microelectrode technology. the pO, cannot be
accurately determined in the marrow of small rodents. Attempts to correlate hypoxia
with other physiological parameters such as blood flow or production of lactic acid
are complicated since they may be influenced by changes unrelated to hypoxia. To
overcome these problems and directly evaluate the role of marrow hypoxia in radio-
protection we have used the sensitizer-adduct technique to assess the extent of mar-
row hypoxia following treatment with radioprotective agents. This system is based
on the metabolic reduction and subsequent binding of misonidazole to tissues as a
function of the tissue oxygen concentration (7, 8). Misonidazole (Miso) is preferen-
tially bound by hypoaic tissue. Using Miso binding as a measure of tissue oxygena-
tion, we have demonstrated that treatment with WR-2721, DiPGE,, cysteamine
(Cys), or 5-HT induces significant hypoxia in mouse bone marrow.

MATERIALS AND METHODS

Mice. Six- to twelve-week-old BALB/c female mice obtained from Jackson Laboratories (Bar Harbor,
ME) were used in these experiments. Mice were housed in a Canadian Council on Animal Care accredited
facility on a 12-h light/dark cycle. Mice were provided with a standard rodent pellet diet and with acidified
water ad libitum.

[’HMisonidazole. *H-labeled misonidazole ([*H]Miso) (sp act 356.7 uCi/mg) was prepared by Dr.
James Raleigh as described (9). Animals received a single intraperitoneal (ip) injection of [*H]Miso in a
0.5 ml volume of phosphate-buffered saline (PBS) according to the schedule detailed below. The dose of
{*HMiso was caiculated to achieve a peak plasma concentration of approximately 100 uAf.

Drugs and treatment schedule. 16,16-Dimethyl prostaglandin E, was obtained in the free oil form as the
generous gift of Dr. Douglas Morton (Upjohn Co., Kalamazoo, MI). Stock solutions were prepared by
dissolution in ethanol to a concentration of 10 mg/ml and diluted to the indicated concentration in PBS
prior to administration as a single subcutaneous injection into the nape of the neck in a 0.1 ml volume.
WR-2721 was obtained from the Cancer Treatment Division of the National Cancer Institute. All other
drugs were purchased from Sigma Chemical Co. (St. Louis. MO) and were prepared in PBS immediately
prior to use. Superoxide dimutase (SOD) was administered intravenously, while the remaining drugs were
given as a single ip injection in a volume of 0.0 1 ml/g body wt. Mice were treated first with radioprotectors.
Miso was injected at various intervals thereafier corresponding to the expected time of maximum radiopro-
tective effect. Specifically, [*'H]Miso was administered 5 min after 5-HT (300 mg/kg). 10 min after DiPGE,
(40 ug/mouse) or Cys (100 mg/kg): 15 min after 2-(2-aminoethyl)-2-thiopseudorea dihydrobromide (AET)
(300 mg/kg): 30 min after WR-2721 (200400 mg/kg); 60 min afier SOD (200 mg/kg): and 24 h after
endotoxin (LPS) (50 ug/mouse). In each experiment, control animals received 0.01 ml/g of PBS (ip) fol-
lowed by [*H]Miso at intervals equivalent to those used for the radioprotectors.

Bone marrow assay. Sixty minutes after [’H]Miso, animals (three to five per group) were killed by cervi-
cal dislocation and the femurs were removed. Marrow cells were isolated by flushing femurs of individual
animals with ice-cold complete medium (MEM Spinner with 5% fetal calf serum). Known numbers of
cells were placed in duplicate tubes and washed four times with complete medium to remove any unbound
(*H]Miso. Following the last wash, the acid-soluble and acid-precipitable cellular fractions were isolated
according to techniques previously described (/0), and the total amount of [>H]Miso bound to these frac-
tions was determined by liquid scintillation counting. The results calculated for individual animals were
expressed as pmol [*H]Miso bound per 10° cells. Cach drug was evaluated on two or three separate occa-
sions. A Student’s 1 test was used 1o determine significant differences between control and experimenta)
groups.
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FIG. 1. Effect of in vivo treatment with various radioprotective agents on ['H]Miso binding by bone
marrow cells. Drug treatments and sample preparation are detailed under Materials and Methods. The
doses of WR-2721 are provided as milligrams per kilogram body weight. Standard error bars are provided.
("YP<0.0tor (**) P<0.001.

RESULTS

Seven chemicals with known radioprotective properties were screened for their
effects on [*H]Miso binding to normal bone marrow cells in vivo. Cys, DiPGE,, 5-
HT, and WR-2721 treatment resulted in significantly increased binding to the acid-
insoluble, macromolecular fraction (Fig. 1). No significant increase in marrow bind-
ing was observed following treatment with LPS, SOD, or AET.

In these studies, the dose and exposure time of each radioprotector duplicated that
previously reported to produce maximum radioprotective effects (6. 1/-16). We also
determined the dose dependency of the degree of marrow hypoxia produced by in-
creasing concentrations of WR-2721 by administering graded doses of WR-272]
(200-400 mg/kg) 30 min prior to [*'H]Miso. The results in Fig. | indicate that as the
dose of WR-2721 was increased, the amount of [*H]Miso bound to the marrow also
increased. The response was statistically significant only at the optimal radioprotec-
tive dose of 400 mg WR-2721/kg of body weight.

DISCUSSION

The oxygen dependence of the metabolic reduction and covalent binding of miso-
nidazole has been well described (7. 8). Because the K, for the oxygen inhibition of
the binding is similar to the K, of the oxygen effect on radiosensitivity (8). misonida-
zole binding can be used as a reliable marker of radiobiological hypoxia. In this study,
the binding of Miso to the macromolecular fraction of bone marrow cells was used
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to indirectly assess the extent of hypoxia produced by treatment with radioprotective
agents. Previous studies showed that increased binding of Miso occurs to both the
small molecular weight species found in the acid-soluble fractions and to macromole-
cules such as DNA which are associated with the acid-precipitable fraction (/0). The
ratio of bound products between the acid-soluble and -precipitable fractions is depen-
dent upon cell line and handling procedures, but the binding kinetics is similar for
both fractions (1u, /7). In this study, only the binding to the macromolecular fraction
was considered to avoid possible problems in interpretation arising from an increased
concentration of small molecular weight thiol species to which [*H]Miso is capable
of binding, although this would not be a problem for non-thiol containing com-
pounds such as 5-HT or DiPGE,.

Four of seven agents tested (WR-2721, DiPGE;,, Cys, 5-HT) produced significant
increases in [*’H]Miso binding, suggesting that the marrow of animals treated with
these drugs would be less oxygenated at times associated with peak radioprotective
effects. In support of this hypothesis is evidence that various physiological and chemi-
cal properties of these drugs are such that they may contribute to the production of
relative marrow hypoxia. For example, the largest uptake of [*H]Miso occurred in
bone marrow cells from animals receiving DIPGE,. This concentration of DiPGE,
produces a 16% increase in hematocrit (6) and a 30% reduction in breathing rate (/8)
15 min after administration. A dose-dependent reduction in peripheral blood flow
with blood pooling in the spleen also has been noted for WR-2721 (4). Similarly, the
hypotensive and vasoactive effects of 5-HT (/5) and Cys (/9) have been described.
Changes in blood flow distribution and respiration rate might reasonably be expected
to have indirect effects on the oxygen supply of the marrow. In addition, a chemical
reduction in the amount of oxygen available to the marrow may directly contribute
to hypoxia. WR-1065. the dephosphorylated product of WR-2721, consumes oxygen
in an in vitro system (20). Our preliminary results measuring the oxygen consumption
of marrow cells treated ‘n vivo with WR-2721 suggest that increased oxygen con-
sumption also occurs in the host animal. Other thiol containing compounds such as
Cys have been shown to undergo autooxygenation in vitro(21); however, their ability
to produce the same effects in vivo have yet to be evaluated. These physiological/
chemical drug effects coupled with the known dependence of Miso binding on oxygen
concentration are consistent with the hypothesis that the observed increase in [*H]-
Miso binding was a consequence of a shift of marrow oxygen tension to lower values.
A counterargument to this proposal is the possibility that these drugs affect the in vivo
reduction of Miso which is independent of any changes in marrow pQ,. However,
this latter possibility is unlikely because (1) the addition of exogeneous thiols has been
shown to decrease, not increase, the binding of misonidazole to cellular macromole-
cules(7), and (2) even if these drugs were to increase the metabolism of Miso (through
the stimulation of nitroreductase enzymes, for example), the resultant reactive species
would be oxidized back 10 the parent compound under conditions of normal mar-
row pQO,.

In the case of WR-2721, the increase in marrow binding was found to be dose
dependent, with only the optimally protective dose (400 mg/kg) producing signifi-
cantly increased binding. However, other studies have demonstrated that smaller
doses of WR-2721 (75-300 mg/kg) afford some marrow protection (22). This suggests
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that several mechanisms contribute to the radioprotective effects of WR-2721, and
that at low drug doses, chemical rather than physiological mechanisms predominate.
Similarly, the failure of AET or SOD to alter [*H]Miso binding suggests that any
physiological changes produced by these drugs were insufficient to render the marrow
relatively hypoxic ard that chemical and/or alternative physiological changes must
be postulated to account for their radioprotective properties. In the case of LPS. less
[*H]Miso binding was observed in drug-treated animals than in controls. The reason
for this has yet to be determined. However. the possibility that LPS treatment altered
the pharmacokinetics of Miso or resulted in increased oxygen delivery to the marrow
should be considered.

Several investigators have drawn attention to the fact that protection with WR-
2721 appears to be most effective for cells or tissues that are at intermediate oxygen
tensions (23, 24). In such cases, it has been postulated that small reductions in oxygen
tension are sufhicient to render the tissues hypoxic. Previous studies by Meyn and
Jenkins (25) which measured the induction of DNA strand breaks in vivo and in vitro
have suggested that marrow resides at relatively low oxygen tensions in vive. In such
a case, small shifts in the availability of oxygen to criticcl hematopoietic targets may
exert protective effects. Confirmation of the hypothesis that small changes in physio-
logical oxygen concentrations produce radiobiological hypoxia awaits techniques for
accurately measuring the in vivo pQO, of cell populations.
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ABSTRACT

Ve have been studying variations of radiosensitivity and endogenous cellvlar factors during
the course of progression through the human and hamster cell cycle. After exposure to
low-LET radiations, the most radiosensitive cell stages are mitosis and the G,/S interface.
The increased activity of a specific antioxidant enzyme such as superoxide dismutase in
G,-phase, and the variations of endogenous thiols duiring cell division are thought to be
intracellular factors of importance to the radiation survival response. These factors may
contribute to modifying the age-dependent yield of lesions or more likely, to the efficiency
of the repair processes. These molecular factors have been implicated in our cellular
measurements of the larger values for the radiobiological oxygen effect late in the cycle
compared to earlier cell ages. Low-LET radiation also delays progression through S phase
vwhich may allow more time for repair and hence contribute to radioresistance in late-S-
phase. The cytoplasmic and intranuclear milieu of the cell appears to have less significant
effects on lesions produced by high-LET radiation compared to those made by low-LET radia-
tion. High-LET radiation fails to slow progression through S phase, and there is much less
repair of lesions evident at all cell ages; however, high-LET nrarticles cause a more
prefound block in G, phase than that observed after low-LET radiation. Hazards posed by the
interaction of damage from sequential doses of radiations of different qualities have been
evaluated and are shown to lead to a cell-cycle-dependent enhancement of radiobiological
effects. A summary comparison of various cell-cycle-dependent endpoints measured with low-
or high-LET radiations is given and includes a discussion of the possible additional effects
introduced by microgravity.

INTRODUCTION

The quantitative undeirstanding of long-term effects of the components of space radiation on
carcinogenesis and nervour system functions depends on the nature of the molecular injury
produced by particles of various atomic numbers and energies. Of particular interest is the
functional dependence of individual lesions, their repair and misrep.ir, and the time-
dependent interactions that can occur at low dose rates.

Many types of cancer cells have chromosomal defects, frequently including band deletions cr
reciprocal translocations /1/. €orrelations have been made between what are termed
"inherited fragile sites" and the chromosomal break points involved in the structural
rearrangements associated with some neoplasms /72,3/. It has been suggested that cer.ain
genes of differentiated ce’ls require submicroscopic rearrangements for normal functional
activity, and these changes could provide a mechanism whereby unique chromosome sites become
inhetently suscceptible to further rearrangements caused by various chemical or physical
agents in specific cell types /4/. Thus, both inherited genetic susceptibility as well as
normal programmed genetic functions occurring during cell division could contribute to the
vulnerability of cellular targeis to damage from ionizing radiations.

0f serious concern in the space environment are partic'e radiations that aie capable of
causing an assortment of types and degrees of chromosomai damage depending on particle
charge and energy, and the cellular targets at risk. Lesions produced by particles from
protors to uranium can result in minor to severe chromesomal aberrations /5,6/. There is &
high probability that, especially where low doses are concerned, the chances are increased
for cellular survival, and therefore there is a greater likelihood for expression of
transformation events.

Specific intracellular factors, including for example antioxidant enzymes like superoxide
dismutase (SOD) and catalase (Cr7), are known to inhibit carcinogenic transformation by
X-rays and certain chemotherapeutic drngs like bleomycin, and are also known to rveduce the
promotional action of 12 O-tetradecanoylpiorbol 13-acetate (TPA) in vitro /7/. This sug-
gests that oncogenic action can be mediated in part by free radicals and that antioxidants
can inhibit oncogenesis and late events in the progression of (ell transformation associated
with promotion. Additional evidence indicating these factors may contribute to variatiis

(m?7
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in cell competence to transformation is that the cell content of SOD and CAT is reported to
vary from one cell type to another /8/.

Ve have been studying human and other mammalian cells in culture that are synchronized with
respect to their stage in the cell cycle. Our goal is to investigate when cells are most

sensitive to modifications that can influence radiation sutvival and can also ultimately

lead to mutation o- transformation. Ve have used split-dose techniques to elucidate the

significance of the cell cycle to the enhancement of particle effects. Tn ordet to under-
stand the mechanisms underlying these effects ve have begun characterizing intracellulat

factors that are thought to play a role in detoxifying radical-induced damage. Ve report

here a study demonstrating cell-stage dependent enhancement of the lethal effects of split-
doses of charged particle beams of low- and high-linear energy transfer (LET). We include
cell age-dependent measurements of SOD enzyme activity and a speculative discussion of the
relevance of this antioxidant and other intracellular factors to the ultimate effects of

ionizing radiations.

METHODOLOGY

Human T-1 cell fibroblasts cultured in vitro were used in these experiments. The cell line
was originally established by Van Der Veen et al. /9/ and was kindly provided te us by G.V.
Barendsen of the TNO Radiobiology Laboratories, Rijswijk, The Netherlands. The cells wvere
maintained in minimum essential medium (MEM) with Earle’s salts supplemented with 12.8%
fetal bovine serum and were grown at 37°C in a humidified atmosphere of 5% €0 and 95% air.
The concentration of glutamine (0.25 g/liter) was doubled for experimental cliltures which
vere not replenished with fresh media during incubation to measure survival. Routine
screening for mycoplasma has indicated that the cultures are free of contamination.

Experiments wvere completed with exponentially growing cell populations, as well as those
synchronized by mitotic selection. The techniques used to obtain large numbers of highly
synchronized cells in various phases of the cell division cycle have been desciibed in
detail elsevhere /10/. The cell cycle *time is approximately 20 hrs. In each experiment the
quality of the synchrony was evaluated by cell volume distributions, and cell progression
was monitoted by autoradiographic analysis of cells pulse-labeled for 20 mins with l’u]dThd
at various times after mitotic selection. Representative autoradiography data trom a
typical experiment are given in Figure 1. Cell populations at two ages post-mitotic-

selection vere itradiated tor survival studies: mid Gx~phase (3 hours) and late-S phase
(14 hours).

{ The level of activity of the antioxidant
‘ enzyme superoxide dismutase (SOD) wvas
measured in unirrvadiated populations of
synchronized cells. Mitotically-selected
cells were plated into 75 cm? tissue
culture flasks and were either processed
immediately or vere allowed to progress at
37°C to appropriate ages thioughout the
| cell cycle. SOD activity levels are
therefore reported for populations
synchronized at thiee cel) ages post
mitotic selection: M phase (0 hours), G
phase (4 houits) or mid S phase (17 hours).
At the appropriate time the attached cells
were trypsinized and washed tvice in a
phosphate buffered saline (PBS) solution
( containing EDTA but free of calcium and
magnesium. Aliquots were counted with a
Coulter Counter to determine the cell
concentration. The remaining cells wvere
transferred to 1.5 ml plastic vials and

L\\‘fNGA'pn rapidly frozen to -50°C. Cell protein vas
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oxtracted by the addition of digitonin (2.5
me/ml) immediately after a vapid thawing of

~~—— cach sample. Aliquots of the supernatants
L. R v ot the digitonin-treated samples were used

0 5 10 15 for protein and enzyme assays.
Penetration Distance {cm of water)

Total superoxide dismutase (SOD) activity,
Fig. 1. Representative autoradiography data including Cu/Zn SOD and Mn SOD, was deter-
from unirradiated human T 1 cell populations mined according to the method of McCord and
pulse-labeled for 20 minurtes with tritiated Fridovich 711/. Total cellular protein vas
thymidine at varionus times after synchroniza- determined by the Coomassie brilliant blue
tion. Data ate from one of the experiments dye binding method /12/ using standa:d
reported here, and the ages and incorpora- protein reagents from BioRad. The mean of
tion levels of the synchionized populations the ratio of enzyme activity (U/mg total
studied are indicated. protein) and protein concentration (mg/10°
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cells) from three separate measurements of both enzyme activity and protein concentration
are reported in each of two experiments. The standard error of this 1atio reflects the
variance associated with both enzyme activity and protein concentration (mg/lOG) measure-

ments as described by Cleland /13/.

Human T-1 Cells For radiation exposures,
cells were distributed

into tissue culture
flasks and alloved to
attach as a monolayer.
The cells wvere irradiated
through the wall of the
flask. Heavy-ion expo-
sures were made at the
Bevalac facility. Paral-
lel-plate ionization
chambers were used for
dose measurements. Dose
calibrations were made
vith ionization chambers.
Neon ion beams of 425
MeV/u initial energy were
used for these experi-
ments. A typical Bragg
ionization curve is given
in Figure 2. Exposures
wvere made in the plateau
(dose-average LET - 32

Late S-Phase

Percent >H-TdR labeled cells

0 T s

keV/um) and in the Bragg

0 2 4 6 8 0 12 14 16 18 20 v (doce-average LET <

Time after synchronization (hrs) 183 keV/um) of the beam.

The physical properties

Fig. 2. Bragg ionization curve of Neon 425 MeV/u ion beam. of the particle beams

Cellular monolayers were placed at the depths indicated in including the calculated
the entrance plateau and in the Bragg peak LET distributions of the

primary particles and the

fragments have been

described elsevhere
/14,157, In the case of experiments with synchronized cells, at the appropriate culture
age, flasks were removed from the 37°C incubator, were cooled down to 4°C to prevent the
cells from further progression, and were transported to the Bevalac facility for irradia-
tion. Unirradiated control cultures were handled in a similar fashion. 1In some experiments
the cells received split doses of the plateau ions (low LET), or split doses of the Bragg
peak ions (high LET), or split doses of high-LET folloved by low-LET radiations. Split-
repair-times varied from one hour to 24 hours. Control samples were unirradiated, orv
received only the first dose fraction, or received both dose fractions in an immediate
sequence.

When irradiations were completed, the samples were teturned to 37°C and assayed for colony-
forming ability by standard techniques. Cells were trypsinized, resuspended, counted,
plated into MEM, and incubated at 37°C in a 95% air and 5% CO, incubator fot 10 to 12 days.
Colony-forming ability was scored by staining and fixing the fultures with 1% methylene blue
in 30% ethyl alcohol. Clones containing at least 50 cells were scored as survivors. Colony
counts on four or more 25-cm? tissue culture flasks were averaged for each data point.
Eight or more flasks were used for control and high dose samples. Survival cuives wvere
obtained from computer-fits of the data tn the lincar quadratic model of cell inactivation
using programs developed by N.W. Albright /16/.

RESULTS

5plit-Dose Effects of Low- or High-LET Particles on Survival

Dose-response curves for exponentially groving human T 1 cell populations irradiated with
single- or split-doses of either plateau or Bragg peak ions from a neon beam with an initial
energy of 425 MeV/u are presented in Figure 3. The fractionation intevval was 24 hours.
The data indicate that there is split-dose tecovery of the damage from the low LET paiti-
cles, but no recovery is observed after irradiation wvith ions of the Bragg peak. The
kinetics of split-dose recovery were studied at shorter time intervals. Figure 4 is a
compilation of data from two replicate experiments to investigate split-dose effects of 425
MeV/u neon plateau or Bragg peak ions where the time betveen the two doses was one ta
twenty-four hours. The data show dose-dependent 1ecovery in the plateau, but no recovery in
the Bragg peak.

The split-dose effects of low- and high LFT neon beams on synchionized cell populations are
presented in Figure 5. Populations of cells in mid G -phase or late S phase at the time of
the {irst dose were studied. In agreement with the aéynchronous experiments, the data show
split-dose recovery of damage from plateau ifons and a lack of recovery firom Bragg peak ions.
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Split-Dose Effects

Spit-Dose Effects Asynchronous Human T-1 Cells
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Fig. 3. Dose-response curves for asynchronous cell populations irradiated with single doses
(solid symbols) or split doses (open symbols) or either plateau (circles) or Bragg peak
(triangles) ions. Different symbols represent different experiments. The fractionation
interval was 24 hrs.

Fig. 4. Kinetics of split.dose recovery of asynchronous human T1 cells irradiated with 425
MeV/u plateau or Bragg peak ions. Experiments vere repeated tvice. The data show dose-
dependent recovery in the plateau, but no recovery in the Bragg peak.

Split-Dose Effects
Synchronized Human T-1 Cells
425 MeV/u Neon
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Fig. 5. Effects of 425 MeV/u Neon plateau (e) or Bragg ?eak (8) ions on synchronized cell
populations in mid (;‘-phuse or late-S-phase at the time ot the first dose.
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Fig. 6. Dose-response cutves for late-S-phase cells cooled to ice temperatures and

irradiated with single doses of plateau ions alone (®), or single doses of Bragg peak ions
alone (e). Some cells vere also irradiated with Bragg peak fons at room temperature (4).
Also shown are the survival data for cooled cells irradiated sequentially with 2.7 Gy Bragg
peak ions followed within 2 minutes by graded doses of plateau ions (o). Survival expected
from the independent action of the two radiations (---).

Fig. 7. Survival data measured with populations of cells s i i i

€ ynchronized either in mid
G, -phase or late S-phase at the time of a f?rst dose of Bragg peak ions followed at various
times by a dose of plateau ions. The stars represent the survival level expected from the
independent action of each radiation.

Enhancement of Cell Killing from Sequential Doses of High- and Low-LET Radiation

Dose-response curves for late-S phase cells irradiated with plateau neon ions alone, or with
Bragg peak ions alone are shown in Figure 6. The cells were cooled to ice temperature just
before irradiation to inhibit cell progression. Repair processes may have also been
inhibited. The survival data from cultures irradiated in the Bragg peak at room temperature
also are shown hovever and are not different from identical cultures irradiated at the
reduced temperature. The survival curves show clearly that the late-S-phase cells are
resistant to radiation damage from low LET neon ion beams in the plateau of the Bragg curve,
and more sensitive to doses in the Bragg peak. Included in this study are survival data for
cells precooled on ice and irradiated sequentially with 2.7 Gy Bragg peak ions followed
vithin two minutes by graded doses of plateau ions. The survival of this cell population
vas much less than that expected from the independent action of the two radiations (shown as
a dashed line on Figure 6).

To exnlore further the age-dependence of the enhanced lethal effects from sequential doses
of high-LET and low-LET ion beams, survival data were obtained from populations of cells
synchronized either in mid G -phase or late-S-phase at the time of a flrst duse of Bragg
peak ions, followved at variou times by a dose of plateau lons (Figure 7). Comparisons of
the measured survival with the survival expected from the independent action cf each
radiation were made. The data show that G -phase cells are more sensitive than expected and
become even more radiosensitive with a 2-hit interval between the two doses as the cells move
to the G /S border. The cells then show increasing radioresistance that levels off with an
8-hr frActionation interval at a survival fraction that is equivalent to vhat would be
expected initially from the independent action of the two radiations. The late-S-phase
cells are also much more sensitive than expected with the combined radiation treatment, but
become more resistant with split-times up to 4 hrs and then more radiosensitive when the
cells divide and enter G -phase. The cel? progression vas confirmed vith results obtained
using flow cytometry methbdology (data not shown).
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Cell -Age-Dependent SOD Activity

In three replicate experiments, exponentially growing human T-1 cells were found to have a
total (Cu-Zn- and Mn-containing) SOD enzyme activity level of 21.3 + 1.9 U/mg total protein
(mean + std. error). Biochemical results trom experiments with synchronized cell popula-
tions show a high quality of synchrony with a 50% reduction in cellular protein from 0.24
mg/10%  jn M-phase to 0.12 mg/10°% in G -phase (mean of tvo experiments - see Figure B, left
panel). The specific activity of SOD however exhibited an opposite trend from the protein
content data with a significant peak of 30 U/mg total protein in G, phase compared to 17
U/mg total protein in mitosis. Intermediate levels of protein conteht and SOD activity vere
measured for S-phase cells. The observation of a peak of SOD activity in G -phase has also
beer. found in synchronized Chinese hamster cells /17/.

DISCUSSION

Particle Split-Dose Effects

The synergistic effects of low- and high-LET radiations have been reported in sequential
/18-24/, as well as simultaneous /25,26/ exposutes of exponentially giowing asynchronous
mammalian cells to radiations of different qualities (e.g., low- and high-LET). The cell
killing effects due to damage interaction after sequential irradiation: with a high-LET
particle beam and X-rays have also recently been reported to vary throughout the Chinese
hamster cell cycle /27/. The greatest effect was observed in late-S-phase which was most
resistant to either of the radiations. In this paper we repor: that human T-1 cells showv a
dose-dependent recovery from split doses of plateau 425 MeV/u neon ions (32 keV/um). Most
of the recovery is completed within 6-8 hours. 1In contrast, no recovery is measured in
split-dose experiments with Bragg peak neon ions (183 keV/um) even after a 24 hr fractiona-
tion time. Secondly, split-dose experiments with synchronized cell populations indicate
cell-cycle dependent differences in recovery kinetics from plateau neon-ion damage, while
both mid G, - and late S-phase cells shov no recovery from Bragg peak damage. Finally, ve
shov that sequential doses of Bragg peak ions followed immediately by doses of plateau neon
ions are more effective than expected from the independent action of the two radiations.
This effect is dependent on the age of the cell at the time of the high-LET radiation ex-
posure, and also on the fractionation interval before the ervposure to the low-LET vadiation.

Our data clearly show that there are differences in the effects of spi.t-doses of low- and
high-LET radiations and, also, that split-dose effects are processed differently by cells in
G.- and in S-phase. Under certain conditions enhancing effects occur between low- and
high-LET radiation dose components. The simplest explanation for the data in Figures 4 and
5 1is that single high-LET particle tracks produced by ions in the Bragg peak are by them-
selves sufficient to kill cells. This may be because each of these tracks is capable of
producing several DNA lesions in close proximity along the track, which then may interact
resulting in enhanced misrepair /28/. 1The lethal effects of high-LET radiation, hence,
become somewhat independent of the temporal sequence of its administration. Low-LET neon
ions produce more diffuse lesions. Lesions produced by the first dose are more likely to be
repaired, or othervise modified, before more lesions are produced by the second dose.

Data such as are shown in Figures 6 and 7, indicate that high-LET tracks made by particles
in the neon Bragg peak produce sublethal lesions in cell nuclzi. These lesions can then
interact with a subsequent low-LET dose. Why there is a time-dependent structure of the
effects shown in Figure 7, and why these effects are different in G,- and in S-phase is not
completely understood at present. One possibility is that the high concentration of
cellular factors including SOD activity in G, -phase reduces, via a decrease in oxygen
radicals, the concentration of DNA lesions prodiced by low-LET radiations. In contrast, as
shown in Figure 8, the activity of 30D is reduced in late-S-phase, and therefore, the
enhancing effects of low- and high-LET radiations can be greater. Another possibility is
that the first high-LET dose may perturb the cellular radioprotective factors in the period
folloving the exposure to the neon peak. Further work is needed to explain the molecular
mechanisms underlying these effects and to investigate additional cell-cycle dependent
modifications of these effects with time between the two radiation doses.

Radiation Age Response: Intracellular Factors

It has been known since the early 1960s that ihete are variations in the radiosensitivity of
cultured mammalian cells at different phases of the division cycle /29-32/. 1In the late
1960s and early 1970s high-LET radiations, including fast neutrons, alpha particles, pions
and heavy-ion particle beams, were found to diminish the amplitude of the variation between
the most sensitive and the most resistant phases (see /33/ for review). Rodent cell lines
vith a short G, phase (about 2 h) vere primarily used in these studies which indicated that
the reduced age response vas still qualitatively similar to that of low-LET radiations in
that cells at (or near) mitosis and at the G -5 phase interface are more radiosensitive than
late-S phase cells. !
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Fig. 8. Human T-1 cell-cycle stage dependence of total cell protein content in mg per 10°
cells (left panel) and total SOD enzyme activity per mg of total protein (right panel). The
data are from tvo separate experiments. FError estimates represent in each r.se the standard
error of the mean of three replicate samples.

In human cells which have generally a much longer G, -phase, tvo peaks of radioresistance to
lov LET radiation are usually seen, one in G - and one in S-phase /34/. Pecent work has
indirated that high-LET radiations eliminate the X-ray-resistant peak of suivival at early
G, -phase in synchronized human cells, but not the resistant peak at late-S-phase, thus
sﬁggesting a differential age dependence of radiolesions and/or repair effecis depending on

radiation quality /35-37/.

Early attempts to correlate a single molecular factor or activity like DNA uynthesis as an
explanation for the age dependence of radiosensitivity through the cell cycle proved to be
inadequate since it failed to explain radioresistance in G, -phase. Based on measurements of
sulfhydryl variation that indicate non protein sulfhydryls are greatest in G -phase, vhereas
glutathione levels are greatest in S-phase /33,39/, Sinclair proposed a factor "Q" that may
be some small fraction of the intracellular pool which varied as a tunction of cell cycle
position to control cell survival /40/. Ve have recently demonstrated that cell age-
dependent fluctuations in glutathione (GSY) and glutathione disulfide in human T-1 cells are
correlated with changes in X-ray oxygen enhancement ratio (OER) for cell survival /41/,
however, this effeci may be a consequence oi fluctuations in GSH and/or other cellular
factors resulting in differences in the initial damage and/or the cells’ ability to repair
these lesions.

DNA damage, measured as DNA strand breaks, has been shown to be readily modified by GSH
concentrations at oxygen levels typically found in tissues /42/. The types and yield of
radiation-induced base damage are clearly dependent on the oxygen concentration as demon-
strated from model sysiem studies using nucleic acids /43/. DNA conformation also can
influence the yield and type of base lesions formed from OH radical attack on DNA /44/. In
cellular studies, Dewey et al. /45/ examined changes in radiosensitivity and dispersion of
chromatin during the cell cycle of synchronous Chinese hamster cells. They found that the
decrease in X-ray radiosensitivity as cells moved from mitosis to S-phase correlates well
vith the dispersion of chromatin that oc-urs during these parts of the cell cycle. They
hypothesized that based on DNA fiber dimensions and how tightly they are packed, the
probability for lesion interactions betveen lesions could explain the similarity of
sublethal and potentially lethal lesion repair kinetics. They could not account for the
increase in radiosensitivity at the G /S interface. With regard to high LET lesions it is
likely that the 1increasing dispersion of chromatin /45,46/ and/or its association with
membranes /47/ through the G _-phase nucleus as the cell ages could result in changes in the
volume or distribution of critical targets irradiated with patticle beams compared to X-rays
710/ and thereby explain LET-differences in relative radiosensitivity

1f wve return to the concept of the age dependency of the cell’s ability to tepair lesions,
the cellular levels of GSH may contribute to the maintenance of the cellular redox capacity,
a prerequisite for normal metabolism to occur. Further studies on the importance of redox
state in radiosensitization, hovever, are needed. The isolation of radiation repair
deficient mammalian mutant cell lines, notably a Chinese hamster cell 1ine that is extremely
sensitive to killing by gamma - irradiation in the G, and early S phases of the cell cycle,
but which has normal resistance in late S phase /487, has signiticantly enhanced out under
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standing. The mutant is able to repair single-strand DNA breaks (ssb), but is deficient in
the repair of double-strand DNA breaks (dsb) produced by y-irradiation during the sensitive
G,- and early S-phase. In the resistant late-S period, repair is nearly the same for both
the mutant and parent cell types. This correlation between y-ray sensitivity and repair,
strongly sugﬁested that an inability to repair double-strand DNA breaks in G -phase is the
basis for the hypersensitivity of the mutant to the lethal effects of y-rays during this
phase of the cell cycle. These researchers have stated that their work also implies that in
normal cells there are at least two pathways for the repair of double-strand breaks, one of
vhich functions primarily in late-S phase, and the other, either throughout the cell cycle
or only in the G, - and early-S phases. Radiosensitive mutant Chinese hamster ovary cell
lines isolated by Jeggo and Kemp /49/ have also recently been shown to have a defect in
double strand-break rejoining /50/. Additional work involving genomic DNA transfection
experiments have shown that after gene uptake, revertant cells are able to survive
v-irradiation as well as the wild type CHO line, and in one of the cells studied, normal dsb
repair and the normal reversible nature of the G,-block in division was restored /51/.

Delays in cell division from exposure to low-LET ionizing radiations are known to prolong
the duration of S phase and cause a G, -phase delay. A pronounced increase in the effective-
ness of high-LET radiations in delaying cells in G -phase has been reported /52/. In space
under the combined stresses of exposure to transit vibration and acceleration and radiations
of different LET, alterations in cell progression could be further altered by microgravity.
It has been reported that at high g, cells divide faster at the expense of reduced motility,
since energy consumption remains the same, vhile in microgravity, lymphocytes show a
dramatic reduction in proliferation rate, reduced glucose consumption, but a strong increase
of interferon secretion /53/. WI-38 embryonic lung cells which do not undergo differentia-
tion steps grov and move normally at zero gravity, but they also consume less glucose /54/.
This has led to the conclusion that cells are sensitive to gravity, especially those which
are differertiating.

Alterations caused by weightlessness on the erfect of radiation .ave for the most part been
in the form of an enhancement of the radiation effect /55/. This is especially noted in the
direct genetic studies in which there is enhancement in a large number of cases involving
chromosome breakare and rejoining /56-58/. Developmental anomalies are also enhanced by
veightlessness, related very likely to genetic alterations /59-61/, as perhaps is also the
significant loss of xanthine dehydrogenase activity in Drosophila larvae /62/.

New satellite bioexperiments to be discussed at this meeting will likely contribute to our
basic understanding of the molecular mechanisms operating under weightless conditions that
are responsible for altering chromosome damage from radiation. Further experimentation is
needed to systematically evaluate the consequences of the combined stresses of weightless-
ness and the damage interaction of radiations of different quality on various phases of the
cell division cycle. We have reported preliminary measurements of cell age-dependent

activity of SOD ecnzyme that indicate a peak level in G -phase prior to DNA synthesis.

Gamma-radiation induction of SOD enzyme activity has been reported /63,64/ as well as the
radioresistance of Drosophila larvae with a highly active SOD allele /65/. It may be

important to explore radiation-induced alterations in SOD enzyme activity as a part of the
modification of radiation response, especially under the stresses of the space environment.
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BURGHARDT. W. F.. JR. AND W. A. HUNT. Characteristics of radiation-induced performance changes in bar-press uvoidance
with and withowt u preshock warning cue. PHARMACOL BIOCHEM BEHAV 33(3) 549-554., 1989, —Rats were trained to perform
vie vt three tasks in which responses on a lever delayed the onset of footshock for 20 sec. One task provided a warning tone beginning
15 sec after the last response on the lever and lasting for S sec just prior to the presentation of a shock (fixed-interval signalled
avoidance). while a second task provided no external cues (unsignailed avoidance). The third task was similar to the fixed-interval
signalled avoidance task. except that the warning tone preceding shock began at varving intervals after the last response on the fever
tvarable-mteval signalied avoidance). Animals trained on the signalled avoidance paradigms received tewer shocks than those on the
unsignalled avoidance paradigm. After 10 krads of gamma radiation, animals performing on cither task with cues were less able to
avoid shock. although they recovered somewhat over a 90-min period. The animals not provided cues also experienced more shocks
during the first 10 min after irradiation but were relatively less affected in performing the task. Response rates on the bar and the
patterns of responding on these tasks were not significantly different after irradiation. except that animals responded after the onset of
shock more often after irradiation than before. These resuits suggest that rats will continue to effectively use task refated cues atter
iradiation. but tnat the relative degree of behavioral decrement may depend on the initial level of performance or possibly the

complexity of the task.

Performance lonizing radiation Avoidance Cues

BEHAVIORAL deficits are commonly observed in laboratory
animals after high doses of ionizing radiation and have been found
as degraded performance on a number of tasks (6). Behavioral
abnormalities have been observed in victims of a number of
nuclear accidents. including the one at Chernobyl (4. 7. 8).
Although some of these responses could have resulted from
generalized trauma. they might reflect an effect of ionizing
radiation on behavior. This laboratory has been studyving the
ability of rats to actively avoid shock and how exposure to ionizing
radiation can disrupt this behavior. Initial studies involved using a
task in which animals fearned to jump up onto 4 ledge to avoid an
electrical foot-shock (5). Auditory cues were provided to alert
subjects to an impending shock. The results demonstrated that
doses of 2.5 to 20 krads of high-energy electrons or gamma
photons degraded the performance on this active avoidance task in
a dose-dependent manner. Escape behavior was unaltered. Fur-
thermore. electrons were more effective than photons in disrupting
this task.

In an attempt to characterize this effect. additional experiments

'Requests for reprints should be addressed to Walter A. Hunt
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were undertaken to determine whether the animals were capable of
performing the required movements and whether they would ask
for and use visual and auditory cues to enhance performance (2).
A paradigm was used that involved responses on two levers each
with different consequences (1). When one lever was pressed. an
electrical shock occurring at S-sec intervals was postponed for 20
sec, Pressing the other lever activated a visual cue (overhead light)
for a 60-sec period. during which an auditory cue (tone) occurred
S sec before the presentation of each shock. The animals rapidly
learned to respond for the tone and to use it to effectively avoid
shock.

A 10-krad dose of gamma photons severely disrupted the
ability of animals to perform this task (2). Almost immediately
after irradiation. the animals received significantly more shocks
than controls. However, the animals could readily execute the
required movements of pressing a bar. In fact, responding on the
lever to avoid shock increased. but mostly just subsequent to the
onset of shock. In addition. irradiated subjects did not continue to
respond to produce the visual and auditory cues. In other words.




instead of responding for the cues. the animals responded to the
shocks. When subjects did use the tones after irmadiation. they did
so in a way which suggested that they detected the cues and were
able to respond to them appropriately. In other experiments.

animals were shown to receive increased shocks after doses of

radiation as low as 2 krads tunpublished observations).

In the present experiments, we attempted to determine whether
the presence of temporal and sensory cues influenced an animal’s
performance after irradiation. In one experniment, rather than
require the animals to specifically respond for preshock warning
cues as in the previous study (2), these auditory cues were always
available (fixed-interval signalled avoidance). In another experi-
ment. 10 cues other than temporal ones were available (unsig-
nalled avorduncer. A third experiment provided no predictability
of the onset of shock based on temporal cues. Instead. the subject
received the same average number of preshock warning cues as in
the experiments using the fixed-interval signatled avoidance par-
adigm, except that the time of onset of the warning signal after a
response was unpredictable temporally (variable-interval signalled
avoidance).

METHOD

Therty-six male Long Evans (Blue Spruces rats (300 g1 were the
experimental subjects. Rats were quarantined on arrival and
screened for evidence of disease by serology and histopathology
before being released from quarantine. The rats were housed
individually in polycarbonate isolator cages (Lab Products, May-
wood. NJy on autoclaved hardwood contact bedding ¢ Beta Chip
Northeastern Products Corp.. Warrensburg, NY) and were pro-
vided commiernical rodent chow ¢ Wayne Rodent Biok™ Continental
Grain Co.. Chicago, 1) and acidified water (pH 2.5 using HCD
ad hb. Animal holding rooms were kept at 21 = 1-C with 50 = 10%
relative humidity on a reversed. 12-hr. light:dark lighting cyvcle
with no twilight.

The apparatus and experimental designs were similar to those
previoushy deseribed (21, except as indicated below . Prior 1o the
first tramning session, animals were placed in the operant chambers
tor at least 2 hr to fanuliarize them with the apparatus. Thereatter,
cach experimental sesston Jasted 4 hr. The amimals then were
truned to avoid a 0.5-sec. scrambled. electrical tootshock (1.0
mA by responding on the left lever. Responses on the night lever
had no scheduled consequence i this study . A single response

postponed the onset of shock by 20 sec. In the absence of

responding. shock occurred at S-sec intervals. Twelve of the rats
received a S-sec warning tone just prior to the scheduled presen-
tation of a shock tfixed-interval signatled avoidancey (91 [n this
group. the onset of the warning tone always followed the last
response on the fever by |5 sec. Another |2 rats received the same
preshock warning tones, except that the interval between a
response on the lever and the onset of the warning cue hetore the
nest soheduled shock varied with equal probability hetween 0.5
and 120 sec. The mean interval was 15 sec (the same as the
mteryalin the fived-mteval signalled-avoidance group) makimg the
tume ot the onset of the warnimg tone in this group effectively
unpredictable tvarnable-interyal signalled avoidance). The last 12
rats were trined simitarly . except no warning tones were provided
tunsignalled avoidancer ¢10). Training was complete when the
animals could successtully avoird more than 90¢¢ of the shocks that
could be presented (12 nun).

During the warming tone. a response on the lever termimated the
warning tone and reset the response to tone interval. Responses
made during shock presentation termunated both shock and warn-
g tones and also reset the response o tone interval tresponse o
shockh antersal in upsignalled avoidance). In the absence of a
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response in cither signalled condition, shock onset followed the
onset of the preshock warning tone by S «ec. It no response was
made during the shock. the tone and shock terminated simulta-
neously 0.5 sec after shock onset.

After training. subjects were habituated to the effects of
interrupting the schedule and transporting them for irradiation.
After 2 hr of performing the task on which the animals were
trained. the session was suspended with the tone and response
tever disabled. The animal was placed in a Plexiglas restraining
tube. transported to the “'Co facility. and returned without being
wradiated. The session then resumed. This procedure was repeated
daily until there was less than a 10% difference in the number of
shocks received and in the number of responses made during the
next hour. compared with those during the hour before removing
the animals from the conditioning chambers.

After habituation. each group of animals who learned the
fixed-interval signalled avoidance. unsignalled avoidance. or van-
able-interval signalled avoidance tasks was randomly divided into
two subgroups. composed of six animals each. From each group of
trained animals. one subgroup was irradiated with a single bilateral
dose of 10 krads of gamma radiation from a *’Co source at a rate
of 6.6 krads/min. Control subgroups were handled identically.
except they were not irmadiated. The transport time from the
radiation facility to the conditioning chambers was less than 5 min.
At the end of the study. all animals were cuthanized with a
barbiturate overdose (80 mg/kg. 1Py within 48 hr after irradiation.
All animals were submitted for necropsy and found to be free of
concurrent disease.

For radiation dosimetry., paired 50-ml ion chambers were used.
Delivered dose was expressed as a ratio of the dose measured in a
tissue-equivalent plastic phantom enclosed in a restraining tube to
that measured free in air.

For the analysis of data. only the measurements made during
the 60 min prior to and the 90 min after irradiation were used.
periods when the performance of the animals was most consistent.
The data collected were divided into six. 10-min blocks before
removal from the apparatus for irradiation. and nine. 10-min
blocks postirrudiation. For response measures. cach postirradia-
tion block was totaled and expressed as the percentage of the mean
number of responses for the six, 10-min periods immediately
preceding irradiation. Responses from the sham-irradiated animals
similarly were recorded. All other measures were presented as
totals for each 10-min period. The data were analy zed statistically
using multiple factor analyses of variance with repeated measures
on one factor (11, Radiation dose (0 or [0 kradst was one factor,
and the time after treatment was the repeated tactor. The level of
significance was 0,08,

RESULTS

Unirradiated aninuals performed well on both signalied and
unsignalled avondance paradigms. However, performance was
better when auditory cues were available. Those animals provided
warnmyg tones tprcally recenved less than five shocks during a
10-mun period thigs. 1 oand 210 However, animals provided no
warning tones were less proficient inavoiding shock. Thes
typreatly recenved about 8 shocks per 10-mun period. Fo3 15 =
423 p 005 Fig, 3y

Irradiated ammals experienced anaincreased number of shocke,
although they did not exiubit any gross abnornudities i sponta-
neous behavior and were able 0 move about freehv. Animals
pertornung either signalled avoidance task recened appronimatels
10 umes as many shocks duning the Hirst 10 mun atter iradation
(13- 1560 p- 005, for the finedaintervad signalled avond-
ance group: Bl 8000 po 008 for the vanable-interval
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Contral values are the result ot

pooling the values for all subgects in the control group for the % min after sham
irradiabon. The data presented were based on observations from 6 animals

signalled avoidance group]. compared to a 2.5-fold increase in
shocks received by the animals performing the unsignalled avoid-
ance paradigm. F(1.100=0.025 p>>0.05. During the remaining
80 min of the session. performance improved. but the number of
shocks received by animals performing the two signalled avoid-
ance paradigms continued at a significantly higher level relative to
controls. The number of warning tones provided to the animals
performing on the signalled avoidance paradigms was unchanged
after irradiation [Fol,10y=2.08. p>0.05. for the fixed-interval
signalled asoidance group: F1.101=0.755, p>0.05. for the
variable-interval signalled avoidance group] (Figs. 1 and 2.
Although the animal performing on any of the three paradigms
experienced more shocks after irradiation. they were still able o
respond on the avoidance lever. The response rates varied depend-
ing on the paradigm used. With the fixed-interval signailed
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animals trained on the vanable-nterval uignalied avordance paradigm
Control values are the result of pooling the values for all subgects i the
control group for the 90 min after sham irradiation The data presented
were based on observations from 6 ammals

avoidance paradigm the rate was fowest (628 =37 responses
10-min interyab. while that for the unsignalled avordance para-
digm was the highest (1031 = 7.2 responses. [0-nun intevali. The
response rate tor the vanable-interval signalled avoidance group
was atermediate (99.4 = 1.4 responses 10-pun intervaln,. How-
ever, after wradiation. the average number of responses duning
each 10-nun nterval was not significantly different trom controls
tdata not showny,

Since the rate of responding remained unchanged but the
aumber of shocks recened increased. the pattern of respond ng
may be altered by irradiation. To test this possibility L interresponse
ume (IRT) histograms were constructed tor the fived-interval
signalled and unsignalled avordance groups in order to deternune
the distribution of responses during a session. (The data for the
vanable-inten al signatled avordance group were not suitable tor
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ammals




n
N
)

a5
A.
40} T '
: 1
35+ : .
30+ .
25+ T -
20}
4 |
@ |
@ 15 ~
2 f
g -
2 10} ~
3
I~ 5H I
: G e | L
T 0 v k
S 25
& B. ‘

Interusponse (ntorval 0 Seconds,

FIG 4 oA Interresponse distnibution, = SEML tor the control group
truined on the tivedanterval signalled avondance paradigm atter snam
radighion  Arrows ndicate the times of onset of warming tones and
shocks (B Interesponse distibution . = SEML tor the sradiated  group
Scales tor both raphs are adentical The mean numbet of tesponses pet
sesston was SXN - d6 The data presented were based on observations trom
b animals

this type of analy sis because the ammal’s response 1o the warmng
tone was not reliably refated o the subject’™s fast response and
consequently showed @ tlat distnibution 1+ Based on the require-
ments ot the fixed-mterval signalled avordance paradigm, the
subjects . as expected. responded mostls just atter the onset ol the
witrming tone (kFig 40 On the other hand. the animals pertorm
ing on the unsignalled avordance paradigm often responded to the
shock and continued responding tor a time wath ~short IR rhg
SA»  As the IRTs ldengthened. o shock eventualls occurred .
precipitating another pertod of responses with short [IRT<

The pattern of IRTS atter irradiation was not preatly attected
Those ammuals trmed on the fived-nteryal agnalled avordance
paradigm stull responded atter the warning tone (kg 480 How .
ever. when subjects did not avord shock. thes usually responded
just after the onset of shock Few responses occurred at lonyg
intervals atter shock The IR T of the srradiated animals trained on
the unsiznatled wsodance paradigm were essentiaily the same as
their corresponding controls, except there were more shock
chanted responses (Fig SRy

In order to deternune whether the arradiated animals i the
tivedantersal wignalled avordance group were readly using the
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warnine tones. the Latencies hetween the presemtation of the tone
and responding on the avondance lever were determimed and are
shownan Fig 610 was assumed that consntentis short latenaies to
respond would tollow the presentation o o tone Short Latenaies
were tound m both rradiated and umirradiated ammals - imdicating
that the ammals could detect and use the tones cven atter
irradiabion

Sahgects in the vanableantersad senadled avordance groap
pertormed simnlarly 1o those i the tved imtersal sienalled avord
ance group kg Ty
consistently short Ltencies to the onset of the warning tones 1in
both rradiated and amirradiated condinons . indicating that ¢ven
when the onset of the warming tone was made unpredictable the
anmmals continued to wait tor it and use it as an ad inrespondimy

The tormet vroup alse responded with
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The results trom this stady demenstrate agam that exposare 1o
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wradiation (B Latency distribution of responses. = SEM. to the onset ot
the warming tone Junng the Y0 min atter arradiatnon The data presented
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wnizing radiation can degrade performance on active avordance
paradizms and v consistent with previousty pubhished reports
12.5 Fyprcally iradiated anmals receved more shocks than the
unirtadiated controls. Although performance was degraded. the
animals were capable or executing the movements necessary to
avord ~shock The rates and patterns of responding on the avoid-
ance lever were generally unaltered after arradiation, except that
animals pertorming on the two sgnalled avodance paradigms
responded move trequentls to the shock rather than to the warning
tone. Bven sooat appears that subjects could detect the tones and
were wble to respond to them approprnatels . even when the tones
were emporally unpredictable

The relative degree of behavioral decrement after irradition
appears (o depend on the avadabihty of visual and auditory cues
that could be used to successtully avord shocks . Although it can be
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seen from Figs. 1 3 that the numper of shocks recenved by
irradhiated amimals pertorming on the three paradigms was roughhy
the same. the premmadiated levels ot performance were ditferent.
Prior o arradiation. animals tramed on erther signalled ayondance
paradigm performed significantly better than those ammals trained
on the unsignalled avoidance paradigm, as evidenced by the tewer
number of shocks recenved by the tormer amnuils. These findings
suggest that the number and nature of cues and the conseguent
fevel of pertormance (presumably better with cuesy have some

—
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bearing on the Hikelihood ot the occurrence of a radiation-induced
performance decrement.

Although not the intention of the experimental design. another
wad 1o look at the relationship between cues and perfornunce is to
consider the three paradigms as requiring of the ammals difterent
levels of performance. In order tor the animals trained on the two
signalled avoidance paradignis to perform as well as they did.
compared to those trained on the unsaignalled av ovdance paradigm.
they needed cues to assist them. When the amimals were irradiated.
for some reison they did not use as many of the cues provided.
Consequently . their perfornance was more Tike that of irradiated
animals trined on the unsignalled asordance paradigm in which
no external cues were provided.

Why the rradiated anmimals were not using the cues is not clear.
They apparently couid detect them because responses with short
latencies were sl observed wlter presentations of the warning
tones betore the onset ot shock even when the onset ot these
warming tones was unpredictable. The response pattern is not
suggestive of deatness nor stupor. and the subjects were appar-
ently not relving more on internally based time-cues rather than the

BURGHARDT AND HUNT

tones. Another possibility i~ that they could maintain only tempo-
rary selective attention. rather than a more general vigilance. In
addition. nradiated rats from other experiments showed no differ-
ences in their abilities 1o detect and respond to warm water cues
131, Rather than these performance decrements being refated to
abnormahities in perception, tash learning. and motor function.
they may resalt from some cognitive deficit, possibly a lack of
motivation, That is. the cues and responding to these cues might
become of lower value to the subject relative to other cues and
behaviors.,

ACRKNOW] EDGEMENTS

The rescarch was supported by the Anmed  Forces Radiohiology
Rescarch Institute. Detense Nuoclear Agency. under work umit 00072
Views presented o this paper are those ot the authors, no endorsement by
the Detense Nudlear Agencs has been gonven or should be nferred.
Rescarch wis conducted according to the principles enunciated in the Guede
tor the Care and Use of Laborarory Amomal Resources. Nattonal Research
Cenencil

REFERENCES

T Badia PP Culbertson S L Aabboti, B The relative aversiveness of
anrsienabted avoidance T Eap o Anal Bebay 16

strpailed v
IR D I AV

2 Burchardt W B 1 Hunt, W A Chatactenization ot radiation-
irduced pertornnmce decrement using o twoslever shock-avodancee
tash Radiat Roes 103 F40 1870 Juss

o RBurzhadt Wb I Humt WA The interactine ettects ot
morphine wnd wmzing tadiation on the Lrency o tal withdrawal from
warm wuder i the tat o Procecdings ot the mnth ssmposium on
pavchelons s the depattment of detense Colorado Spangs, €O
United States Air Force Ncademy, 198478 7n

4 Gale RO Wamess roodisaster Al Amencan doctor at Chernoba b Late

Vgt 202N jusa ’

Hunt N v Comparatine ettedts o exposare to igheenergs clectrons

and oo tadiation on o actee avendance behavien Int ) Radiat

Buw 14 R T TR YL

»

6 Hunt. W AL Eftects ot womzing radiation on behaviar and the bram.,
In- Conklin. 110 Walker, R. L. eds. Military radiobiofogy New
York  Academic Press) TORT 321-330,

T o Karas, J0 SO Sunbunv. )0 Bl Fatal radation sypdrome from - an
accdental nuclear excursion, No Engl 1 Med, 272755761, 1965,

X Stipman. 8 . Lushbaough, € Co Petersen. DL Fo Langham, W H..
Harmmie PSS D lawrence. ) NP Acute radiation death resulung tfrom
an acadental nuclear crtical excursion 1 Qecup Med. 3146-192;
tuA|

Y Sidman. M. Some properties of the warming stimulus o avoidance
behavior J. Comp Physiol. Psychol d6:444 450 1955,

100 Sidman. M Two temporal parameters an the mantenance of avoid-
ance hehavior by the white rat 1 Comp Phasiol Pachol. 46
253260, 1983

o Waner, Bo 1 Suatisocal primaiples i espenmental design, New York
MeGraw-Hill, 1971




Circulatory Shock 28:257-265 (1989)

ARMED FOACES AADIOBIOLOGY
AESEARCH INGTITUTE

SR89-29

Norepinephrine-induced Phosphorylation
of a 25 kd Phosphoprotein in Rat Aorta is
Altered in Intraperitoneal Sepsis
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An attenuation ot the contractile response to norepinephrine (NE) has been previously
demonstrated in rat aorta during intraperitoneal sepsis and endotoxemia. In this study .
we determined whether NE-induced protein phosphorylation s altered in septic rat
aorta as compared to control rat aorta. We found that the NE-induced phosphory lation
of a 25 kd phosphoprotein was decreased. NE increaed phosphorylation of the 25 kd
band by 54% (£ < .01} in the control aorta but only 12% tnot significant) in the septic
aorta. Pyrophosphate gel puritication of phosphorylated myosin showed that this 25 kd
band was not refated to the myosin-phosphorylated (P) light chain. Two-dimensional
polvacrylamide gel clectrophoresis analysis revealed that this 25 kd band represents
two proteins with distinet isoclectric points of 6.5 and 6.2, These results turther
document that intnnsic alterations occur in the NE-mediated signal transduction
system in rat aorta during sepsis and that such alterations could contribute to depressed
aortic contractifity .

Key words: protein phosphorylation, protein kinase, phosphoinositide metabolism, receptor,
ay-adrenoceptor

INTRODUCTION

Decreased sensitivity of the vasculature to «-adrenergic receptor stimufation is
well described in endotoxemia and sepsis [ 1-3]. The rat aorta has provided a rehiable
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model in which to study this phenomenon in cecal ligation- and puncture-induced
intraperitoncal  sepsis [4]. Recent investigations  suggest that this insensitivity
correlates with intrinsic alterations in the o -adrenoceptor and its phospholipase
C—coupled signal transduction system. In particular, we have demonstrated a marked
reduction in «,-adrenoceptor numbers as well as in basal and norepinephrine
(NE)-induced phosphoinositide turnover. and calcium metabolism in aorta from this
cecal ligation and puncture model of intraperitoneal sepsis [5.6].

In this study. we further examined the NE-induced signal transduction cascade
in rat aorta by investigating whether alterations in protein phosphorylation occur in
sepsis. A decrease in NE-mediated phosphorylation of a 25 kd phosphoprotein was
observed in aorta from septic rats. further demonstrating a derangement in the
NE-mediated signal transduction system during sepsis.

MATERIALS AND METHODS
Chronic Rat Sepsis Model

Male Sprague-Dawley rats (250-300 g) were obtained from Taconic Farms.,
Germantown, NY. Control and experimental animals were randomly subjected to
sham surgery or to cecal ligation and two-hole puncture. respectively, as previously
described [7]. This procedure resulted in a mortality rate of 20-30%: 24 hours after
surgery. the experimental rats displayed signs of sepsis including piloerection. a
bloody mwcosal and nasal discharge. bloody diarrhea. and lethargy . All animals were
sacrificed by decapitation and the thoracic aorta was rapidly removed and divided into
4 mm rings.

[32P] Labeling of Rat Aorta

Each aortic ring was placed in a 10 x 75 mm borosilicate glass tube and
incubated for 90 minutes in 0.3 ml oxvgenated phosphate-tree buffer (3 mM HEPES,
140 mM NaCl, 4.5 mM KCI. I mM MgCl.. 1.5 mM CaCl,. [0 mM glucose. pH 7.4,
37°Cy in the presence of 10 pCi carrier-free | “P] orthophosphate (8 mCi ml:
Amersham). This resulted in equilibrium labeling of rat aorta. The rings were then
treated for 10 min with 10 uM NE. a concentration which produced maximal aortic
isometric contraction [8]. or with an equivalent volume of sterile butter solution.

The phosphorylation reaction was stopped immediatels by freezing the rings in
liquid nitrogen. The rings were then pulverized in liguid nitrogen and glass-to-glass
homogenized in stopping solution as deseribed by Driznin et al. [9) (100 mM Nak,
80 mM sucrose. 10 mM EDTA. pH 7.40). Protein was then determined by using the
method of Bradford [10]. Ten micrograms of protein was then solubilized in 50 pl of
a sodium dodecyl sulfate (SDS) solution (62.5 mM Tris, 104 ghveerol, [0 M
DTT. 3% SDS pH 6.%).

Isolation of Phosphorylated Rat Aorta Myosin

The 1solation of phosphorylated rat aorta myosin was carried out as previous 1y
detailed [11]. Briefly., six rat aortae were removed. divided into 4 mm rings. and
placed in oxygenated phosphate-free butfer containing “P as described above. After
exposure to 10 uM NE. the rings were frozen in hquid nitrogen and extracted in 16
volumes of a buffer consisting of 100 mM sodium pyrophosphate. pH 8.8, 5 mM
EGTA. 50 mM sodium fluoride. 10% glycerol. 1S mM 2-mercaptocthanol, and 0.2
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mM dichlorvos (serine protease inhibitor). Pyrophosphate gel electrophoresis was
carried out at 0°C for 16 hours at a constant 83 V. Following clectrophoresis. gels
were stained brictly for 1S min in 0.1% Coomassie blue R-250. 50% methanol, and
10% acetic acid and destained in cold water. The punified myosin band was removed
with a razor blade and placed on one-dimensional sodium dodecylsulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE gel) as described below.

Gel Electrophoresis

One-dimensional SDS-PAGE was performed with 10 pg protein/50 ul SDS
solution per lane. Electrophoresis on 10% SDS polyacrvlamide gels with 3% stacking
gels occurred as described by Lacmmii [12]. Sigma molecular weight standards
(Sigma Chemical Co.. St Louis, MO) were used to identify proteins. The use of
protease inhibitors (30 uM PMSE. 50 pe/ml soybean trypsin inhibitor. and 50 pg ml
leupeptin) did not alter the protein or phosphorylation patterns (not  shawn).
Therefore. they were not routinely used in this study.

Two-dimensional gel electrophoresis was performed according to modification
of the procedure of Lacmimlbi {12]: 10 g of protein was electrofocused tn 2.5 X 110
mm area tube gels containing 3% polyacrylamide. $5% urca. 2% NP-40, and 2%
ampholine (1.7% of pH 3.5-10 and 0.3% of pH 5-7v. The gels were equilibrated in
SDS sample butter and the second dimension was then run on 11 x 14 cm slab gels
containing 10% SDS polyacrylamide gel.

Autoradiography and Quantitation

Gels were dried and phosphorylation was qualitatively determined by autoradi-
ography with Kodak X-OMAT film. The gels were scanned and quantitated with an
LK1 laser densitometer. The arca under the curve of all protein bands represents the
total protein phosphoryvlation. The amount of phosphorylation of the 25 kd protein
was determined by dividing the area of the 25 kd by the total area of all the proteins.
This allowed determination of phosphorylation to be analyzed with equalization of
samples for P labeling.

RESULTS

Recently. attenuation of NE-induced phosphoinositide metabolism. calcium
influx (calcium channel entry), and calcium ettlux Gintracellular caleium release) has
been demonstrated in rat acda from this model of sepsis [5.6]. Since protein
phosphorylation can be influenced by increase in ovtosolic calcium as weil as by
phosphoinositide-hydrolysis-derived diacylglyeerol, we investigated whether changes
in protein phosphorylation also «ccurred.

Aortae from cecal-ligation-and-punctured rats and tfrom sham-operated rats
were fabelled with | P] orthophosphate and then exposed to 10 pM NE. a dose
known to chicit maximal contraction of rat gorta {8,13]. One-dimensional gl
clectrophoresis of smooth muscle protein revealed a decreased NE-induced phospho-
ryiation of the 25 kd band during sepsis (Figs. 1. 2). NE increased phosphorylation
by 54% (P <2 .01y in control aorta but only by 12% (not significant) in septic aona
(Table ). There were also differences noted in equilibrium [ “P} labeling in control
and sham tissue. The septic tissue showed greater | 7P uptake into the 25 kd
phosphoprotein during the basal condition (Table ). However, despite  this
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Fig. 1 One-dimensional SDS-PAGE of 10 pg aortic protein phosphory lated in the presence
(NE)Y and absence (hasal, By ot 10 M NE i control (€1 and septic (81 aortae. Arrow shows
25 kd band.

phenomena.  NE-induced  phosphorylation of the 25 kd phosphoprotein - was
significantly greater in control rats. Finally, we observed no significant differences in
the total protein phosphorylation among the control and septic groups with and
without NE (not shown).

To define the identity of this 25 kd band. we determined whether this
represented a component of the myosin P light chain. Myosin purification from a
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TABLE L. |*2P} Phosphorous Labeling of

25 kd Band+ )
25kd phosphorylation 100
Total phosphorylation

Control 255 2023

Control + NE 393 £ 037+

Septic 293 +£0.03

Septic + NE 337 + 021

tValues are mean * SE for 8 different preparations.
Quantitation is described in Materials and Methods.
*P <01 vs. control using Student’s unpaired t-test.

contro! phosphorylated aorta preparation revealed phosphorylation of a 20 kd but not
the observed 25 kd band. This suggested that the phosphorylated protein was not the
myosin P light chain. To further identify the protein band, we submitted the
phosphorylated sample to two-dimensional electrophoresis. This analysis revealed
that the 25 kd band represents two distinct proteins (Fig. 3). These two proteins have
isoelectric points of 6.5 and 6.2. Analysis of two-dimensional gel clectrophoresis of
septic aortic proteins did not show a selective attenuation of basal or NE-induced
labeling in cither of the two spots. Therefore, the observed alteration in phosphory-
lation appears to occur equally in both.

DISCUSSION

This paper demonstrates that NE-mediated phosphorylation of a 25 kd phos-
phoprotein is decreased in aorta from rats after cecal-ligation-and-two-hole-
puncture-induced intraperitoneal sepsis. It appears that the sepsis-induced alteration
in NE-mediated phospholipase C—coupled signal transduction continues to the level
of protein phosphorylation. NE binding to the o -adrenergic receptor results in
phospholipase C-mediated hydrolysis of phosphoinositides to the by-products,
inositol triphosphate and diacylglycerol [14-16]. These second messengers, in turn,
are thought to play a role in increased intracellular Ca® ' release and activation of
phosphorylating enzymes such as protein kinase C [17]. Thus. it would be predicted
that alterations in this system would result in specific changes in protein phosphory-
lation, as was observed in this study.

Even though the function of the 25 kd phosphoprotein is not known, phosphor-
ylation of this protein could be involved in the regulation of vascular smooth muscle
contraction. Similar to our finding. Draznin ¢t al. 19] found an increase in the
phuspiiorylation of a 25 kd protein following NE activation in rat aorta. This 25 kd
protein is not a myosin P light chain. Recently. Foster and Chatterjee [18] reported
that a 25 kd protein is phosphorylated in skinned carotid artery following stimulation
of protein kinase C with phorbol dibutyrate. This phosphorylation occurred without
changes in the level of phosphorylation of the myosin P Jight chain. suggesting a
possible role for 25 kd protein in vascular smooth muscle contraction. Since increased
phosphorylation from NE continues at 10 min, one could speculate that this 25 kd
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Fig. 3. Two-dimensional gel electrophoresis of band shows two distinct spots (see arrows) at
isoelectric points of 6.2 and 6.5 after phosphorylation of rat aorta control. Similar findings
were also observed by using aortac from sepiic rats.

protein has a functional role in long-term tonic contraction and hence belongs to the
family of filament or latch proteins [19].

The investigation of the biochemical basis for diminished sensitivity of the
vasculature as well as of the liver [20.21] to «,-adrenergic agonist stimulation has
shown fundamental and intrinsic alterations in the signal transduction system. In rat
aorta. sepsis induces a marked reduction in «,-adrenergic receptor numbers, basal
phosphatidylinositol-4.5-bisphophate (PIP,) synthesis (PIP, is a major substrate for
the phospholipase C enzyme). basal phosphoinositide metabolism, and basal calcium
efflux [5.6]. Upon o -adrenergic stimulation, there is also a diminution of
NE-induced phosphoinositide metabolism. calcium influx and efflux. and protein
phosphorylation in the aorta during intraperitoneal sepsis [5.6]. These intriguing
observations suggest that intrinsic alterations in the signal transduction pathway may
contribute at a moiccular level to the observed alteration in «,-adrenoceptor function
in rat intraperitoncal sepsis.

These findings suggest that even though endotoxin and circulating mediators
such as tumor necrosis factor, interleukin, and platelet-activating factor may play a
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role in vasodilation and in diminished responsiveness to vasoconstricting agents in
sepsis [22], intrinsic biochemical alterations in vascular tissue also exist. It is possible
that a cause-and-effect relationship exists between these extrinsic mediators and the
intrinsic biochemical alterations during sepsis. It is conceivable. for example, that
tumor necrosis factor may induce «,-adrenoceptor tachyphylaxis by an as-yet-
undefined mechanism (see ref. 22 for discussion). Future experiments will be needed
to test this idea.

In summary, intrinsic alterations occur in the NE-mediated signal transduction
system in rat aorta in sepsis. As previously demonstrated {5.6}. these changes occur
at each level of the receptor-mediated signal transduction cascade.
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Quantitative Measurement of Radiation-Induced Base Products in DNA Using Gas Chroma-
tography -Mass Spectrometny. Radiar. Res. 119, 219-231 (1989).

Gas chromatography -mass spectrometny with selected-ion monitoring was used to study radi-
ation-induced damage 1o DNA. Quanutative analysis of modified purine and pyrimidine bases
resulting trom exposure to onizing radiation using this technigque 1s dependent upon the selec-
tion of appropriate internal standards and calibration of the mass spectrometer for its response
1o hnown quantities of the internal standards and the products of interest. The compounds
6-azathymine and R-azaadenine were found to be suitable internal standards for quantitative
measurement of base damage in DNA. For the purpose of calibration of the mass spectrometer.
relative molar response factors for intense characteristic ions were determined for the trimethyl-
silvl derivatives of 3-hydroxyuracil. thymine glycol. and S.6-dihydrothymine using 6-azathy-
mine. and for the trimethyIsilyl derivatives of 4.6-diamino-S-formamidopyrimidine, 8-hydroxy-
adenine. 2.6-diamino-4-hydrosy-S-formamidopyrimidine. and R-hvdroxsguanine using §-
azaadenine. Accurate measurement of the vield of radiation-induced modifications to the DNA
bases 1s also dependent upon two chemical steps in which the purines and pyrimidines are re-
leased from the sugar-phosphate backbone and then denvatized to make them volatile for gas
chromatography. The completeness of these reactions. in addition to assessing the stability of
the modified DNA bases 1in acid and their tnnmethyisilvlated derivatives over the time necessary
to complete the experimental analvsis. was aiso examined. Application of this methodology
10 the measurement of radiation-induced base modification in heat-denatured. nitrous oxide-
saturated aqueous solutions of DNA s presented. ¢ 1989 Academic Press. Ine

INTRODUCTION

The interaction of ionizing radiation with cellular water results in the formation of
a number of highly reactive radical species which are then capable of interacting with
cellular constituents. The hydroxyl radical is the most reactive radical species that is
produced. interacting via abstraction of hydrogen atoms and addition reactions on
cellular constituents (for a review see Ref. (/). Radiation-induced cell lethality has
generally been attributed to the induction of damage in the nuclear DNA (2). Radia-
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tion-induced damage to nucleic acid constituents manifests itself in the formation of
altered purine and pynimidine bases, altered deoxynbose moieties, abasic sites, strand
breaks, and DNA -protein crosslinks (for a review see Ref. (1)). Repair of these struc-
tural modifications is cssential to maintain the integrity of the genomic message.
thereby preventing the processes of mutagenesis, cell death, and carcinogenesis (2).

In an effort to examine the consequences of radiation-induced modifications to
DNA at the cellular level, it 1s necessary to develop assays to identifv and measure
such damage. Several types of assays have been developed to measure the vield of
radiation-induced purine and pyrimidine products in DNA which include chromato-
graphic (3-7/), immunochemical (/2-16), and biochemical (/7. [8) techniques.
However. all of these techniques are capable of assaying only a very limited number
of modified DNA products and. because of the limitations of selectivity and sensitiv-
ity. the radiation doses used exceed those used in studies measuring biological end
points.

In an effort to overcome these limitations, the technique of gas chromatography-
mass spectrometry with selected-ion monitoring (GC-MS/SIM) has been pursued.
This technique has been used to identify a plethora of radiation-induced purine and
pyrnimidine products (/9-23) and DNA base-amino acid crosslinks (/9. 21, 24). Fur-
ther, using the GC-MS/SIM technique, detection of these products has been possible
at doses lower than those reported using other methods of analysis. The GC-MS/
SIM technique has been well documented for quantitative measurement of organic
compounds at low concentrations in complex mixtures (25). However, the determi-
nation of optimum conditions for quantitative measurement of radiation-induced
DNA base products by this technique has not been established. In this respect, quanti-
tative analysis using this technique is dependent upon a number of factors including
completeness of hydrolysis and derivatization reactions, stability of the products to
the conditions of hydrolysis, and stability of the derivatized products over the time
necessary to complete the analysis of the derivatized products. Further. selection of
appropriate internal standards and calibration of the mass spectrometer with respect
to the response of th.2 internal standards and the response of authentic samples of the
radiation-modified constitucnts under analysis are necessary for accurate measure-
ments. This paper addresses these issues and describes the use of GC-MS/SIM for
quantitative analyses of radiation-induced base modifications in DNA.

MATERIALS AND METHODS’

Chermicals The compounds S-hydroxyvuracil (isobarbituric acid), 8-bromoadenine. S.6-dihvdrothy-
mine. 4.6-diamino-S-formamidopyrimidine (FAPy-adenine). 2.5.6.-triamino-4-hvdroxypyrimidine. §-
azaadenine. 8-azaguanine, 6-azathymine, and calf thymus DNA were purchased from the Sigma Chemical
Co. 2-Amino-6 8-dihydroxypurine (8-hydroxyguanine) was purchased from the Chemical Dynamics
Corp. Nitrous oxide (ultrahigh purity) was purchased from Matheson Gas Products. Inc. Silvlation grade
acetonitrile and isttrimethylisilyDtrifluoroacetamide (BSTFA) (containing 14 trimethy Ichlorositane) were
obtained from the Pierce Chemical Co. The ¢is 1somer of S.6-dihvdroxy-5.6-dihydrothymine (thymine

* Mention of commercial products does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the products identified are necessanly the
best available for the purpose.




MEASUREMENT OF DNA DAMAGLE 221

gheol) was kindly provided by Dr. E. Holwitt of the Armed Forces Radiobiology Rescarch Instinute.
Bethesda, Maryland. 6-Amino-R-hydroaypurine (8-hydroxvadenine) was synthesized by treatment of 8-
bromoadenine with concentrated formic acid (957°0) at 150°C for 45 min and purnficd by crystallization
from water. 2.6-Diamino-d4-hyvdroxy-5-formamidopy nmidine (FAPy-guanine) was synthesized by treat-
ment of 2.5 6-triamuino-4-hyvdroxy pryormuidine with concentrated formic acid and reeryvstallized from wa-
ter (20).

Purity and concentration of authentie compounds Stock solutions (0.1 mmol dm Y of each compound
were freshly prepared. The punty of cach compound was assessed by high-performance liquid chromato-
graphy (HPLC) using Waters 510 pump modules with @ Waters automated gradient controller and a
Supelco LC-18-S column (150 ~ 3.6 mm). Absorption spectra were obtained using a Hewlett-Packard
Model 1040M linecar diode array detector interfaced to a Hewlett-Packard 9000 Series 300 computer work
station. An isocratic separation with a mobile phase consisting of 1007 water at a flow rate of 1 ml/min
was used for all compounds except tor 8-hvdroxyguanine. In this case. the mobile phase consisted of water
with an acetonitnle gradient increasing at a rate ot 1% per minute.

The concentrations of the stock solution of 3.6-dithvdrothvmine and ¢2v-thymine glycol were determined
gravimetrically. The concentratons of all other solutions were determined spectrophotometnically using
their molar extinction cocthictents (26-28). The purity of cach compound was also assessed by GC-MS as
described below. Appropnate corrections to the concentration of cach compound were made in accordance
with the HPLC and GC analyses.

Preparation of irradiated DN A samiples. Calf thymus DNA (0.5 mg/mb) was dissolved in 30 mmol dm
phosphate buffer (pH 7.0} and denatured by heating the solution to 95°C for 3 min followed by rapid
cooling in ice water. Aliquots of this solution were exposed to incremented doses of ionizing radiation at a
dose rate of 166 Gy/min as measured by Fricke dosimetry (29) in a ®'Co y-ray source (Gammacell-220,
Atomic Energy of Canada Lid.). Heat-denatured DNA was used for radiolysis in an attempt to maximize
product vield (0. The salutions were bubbled with ritrous oxide for 20 min prior to. and then throughout.
the irradiation interval. Nitrous oxide was used to saturate the DNA solutions 1n an ctfort to produce a
spectrum of different types of radiation-induced products. Irradiated and untreated solutions of DNA were
then dialyzed extensively against deionized water in SpectraPor6 dialysis membranes (nolecular weight
cutoff 1000, Fisher Scientihic Co.). The quantity of DNA recovered following dialysis was measured spec-
trophotometrically (assuming that 1.0 OD.,,, - 50 pg/ml). by a modified Burton’s assay (3/). and gravimet-
rically following lvophihization. Cahbration of the Burton’s assay was accomphshed by developing a cah-
bration curve using ultrahigh purity DNA (Sigma). The measurement of the amount of DNA by spectro-
photometnic assay or the modificd Burton's assay was in good agreement. Gravimetrnic measurements
tended to be higher and were not used 1n the analysis of the data. Following Ivophilizanon. 6-azathy nine
and 8-azaadenine were added 1o cach 2.5-mg DNA sample. The optimal amount of internal standard
added to these samples was determined from prehminary measurements.

Chenucal hvdrolvss of pradiated DN A Conditions for optimal hydrolysis of irradiated DN A samples
contaiming madified punines and pynimidines were determined by measuning product relcase as a function
of ume of chemucal hydrolysis. In this senies of experiments, 1.0 ml of 88 formic aad was added to
samples of DN A which had been irradiated to 100 Gy as deseribed above and Ivophilized. One set of these
samples was subyected 1o high-performance hguid chromatography to momitor the loss of the DNA pols-
mer peak and the increase 1n the peaks corresponding to the liberated bases. A Nucleogen DEAE 60-7
column (10 « 125 mm) (Altech) was used for separation and the mobile phase consisted ot 13 mmoldm
phosphate butfer (pH 7.2) and S mmol dm * urea with an exponential gradient of 0-1 mol dm * KCl
flowing at a rate of 2.2 mi/min. Absorption spectra and the absorbance at selected wavelengths were col-
lected using instrumentation described above. A second set of DNA samples was hydroly zed. demvatized.
and analvzed by gas chromatography -mass spectrometry as desenibed below. In this series of samples.
release of the modified punine and pyrimidine bases was monitored as a function of hydrobyais ime. From
the data collected in these analyses. the optimal tme for release of the DNA bases at 130°C was 30-40 min
(sce Results and Discussion).

Sample preparation tor gas Chiromatography In preliminany expenments. samples -ntaiming 75 nmol
of R-azaadenine and 6-azathynune were prepared in polvietrafluorocthylene-capped hypovials (Pierce).
Following ivophihization, a 0.2.ml misture of BSTEA and acctomtnle (1:1) was added and the mixture
was heated for increasing ime intervals at 130°C prior 1o analysis by gas chromatography with flame
wnization detection (GO -FID) as deseribed below. Oncee the time required for complete demvatization of
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the internal standards was determined. 75 nmol o cach tnimethyvisihy lated internal standard was added to
a Ivophilized mixture contaiming 75 nmol of each of the authentic purine and pyvrimidine compounds.
These samples were derivatized and measured by GO-FID as deseribed below and used to determine the
time course of the derivatization reaction. To assess the stahility of the trimethylsilvlated base products
over the course of days. 75 nmol cach of the authentie purines and pyrinudines. including the internal
standards. were added to hypovials. Following Ivophilization. a 0.2-m! mixture of BSTFA and acetonitrile
(1:1) was added to the samples, the mixture was then heated for 30 min at 130°C. and »liguots of this
mixture were analyzed over a S- to 6-day interval by GC=FID as described bolow

For the measurement of the relative molar response factors for use in GC-MS/SIM sample analysis.
mixtures of the internal standards and the authentic reference materials were prepared which contained
I-6 nmol of each compound. Following lvophilization. these samples were trimethyisilviated in a 0.2-ml
mixture of BSTEFA and acetonitrile (1:1) by heating for 30 min at 130°C prior to analysis by GC-MS/SIM
as described below,

For the measurement of DNA samples. Ivophilized samples of hydrolyzed DNA were derivatized by
tnmethylsilylation in a 0.2-ml mixture of BSTEA and acetonitrile (1:1) in the hypowials Y heating for 30
min at 130°C prior to analysis by GC-MS/SIM as described below.

Analvses by gas chromatography with flame ionization detection A Varian Model 8000 gas chromato-
graph with a flame ionization detector. & Varian 3700 automatic sample injector. and a Hewlett-Packard
Model 9000 Series 300 computer work station was used to measure completeness of the derivatization
reaction and stability of the trimethylsilylated purines and pyrimidines using the identical chromatographic
conditions described below.

Analvas By gas chiromatography-mass spectrometry wir't selected-1on monitormg A Hewlett-Packard
Model 5970B Mass Selective Detector controlled by a Hewlett-Packard Model $9970C computer work
station and interfaced 1o a Hewlett-Packard S890A gas chromatograph was used for analysis. The injection
port and the GC-MS interface were kept at 250 and 270°C. respectivels. The ion source was maintained
at 250°C. Separations were carried out on a fused stlica capillany column (12.5 m = (.32 mm) coated
with crosslinked 5% phenyl-methyl silicone gum phase (fitm thickness. 0.17 gm) (Hewlett-Packard). The
column temperature was increased from 120 to 250°C at a rate of 8°C/min after 2 imin at 120°C. Helium
was used as the carrier gas at an inlet pressure of 10 kPa. Samples were injected using the split mode. Mass
spectra were obtained at 70 ¢V,

Determination of product viefd Caleulation of product yvields from cach DNA sample incorporated
relative molar response factors determined from slopes of calibration curves, measured peak areas of the
10ns representing the internal standards and the products of interest. and the measured amount of DNA
in each sampie. The stope of the best it ine obtained by linear regression analysis of these data was then
used 1o assess product vield.

RESULTS AND DISCUSSION

Quantitative analysis, of moditicd purine and pyrimidine bases by GC-MS/SIM is
dependent upon completeness of two chemical reactions: (i) hyvdrolysis of the modi-
fied hases from the sugar-phosphate backbone of the DNA and (ii) derivatization of
these products to make them volatile for gas chromatography. The analvsis is also
dependent upon stability of the modified purine and pyrimidine bases to the condi-
tions of acid hyvdrolyvsis and stability of their trimethylsilvlated derivatives to the con-
ditions of derivatization, Further, stability of the trimethyIsilvlated products is re-
quired over the time necessary to complete the analysis of the experiment. Finally,
to achieve quantitative measurement using selected ion monitoring. the mass spec-
tromcter must be calibrated with respect to the signal generated by the internal stan-
dards and the compounds of interest. For this purpose. ideally a stable isotope-labeled
analog of the analyte is used as an internal standard. A calibration plot is obtained
for the response of the mass spectrometer 1o known quaniities of both the analste
and the internal standard by monitoring an intense and characteristic ion of cach
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Fiii. 1. Selected-ion chromatogram obtained from a trimethylsilylated hydrolysate of DNA exposed to
100 Gy of ionizing radiation in nitrous oxide-saturated solution. The ion monitored (m1/:2) for each peak
is shown and peak identification 1s given in Table I. The mixture was separated using a temperature pro-
gram from 120 to 250°C increasing at a rate of 8°C/min after 2 min at 120°C. Additional details are piven
in the text.

compound during the analysis (25). In the case of radiation-induced DNA base prod-
ucts. no isotope-labeled analogs are available. Therefore. a number of structurally
similar compounds were evaluated for potential use as internal standards with the
result that 6-azathymine and 8-azaadenine werc found to be suitable for quantitation
of DNA base products.

As an example of the analysis typical of that generated by GC-MS/SIM for the
experiments presented herein, Fig. | illustrates a sclected-ion chromatogram gener-
ated from a DNA sample y-irradiated to 100 Gy in nitrous oxide-saturated aqueous
solution. The chromatogram illustrates the time windows used to monitor the charac-
teristic ions of the trimethylsilyl (Me;Si) derivatives of the products. and their identi-
fication may be referenced in Table 1. The products discussed are identified by their
retention time and by selection of more than one characteristic ion to monitor simul-
tancously in each time window (2/). For this analysis, approximately 3 ug of the
hydrolvzed DNA sample was applied to the column. Characteristic ions for the un-
modificd bases were not monitored since their response would be very large relative
to the modified bases. The chromatogram illustrates that the DNA base products and
the internal standards can be well separated from one another (Fig. 1). Further. the
chromatogram clearly demonstrates that the responses of neither the modified bases
nor the internal standards. 6-azathymine and 8-azaadenine. are adversely affected by
the presence of excessive guantitics of unmodified bases.

The elution positions of the Me:Si derivatives of 6-azathymine [6-azathymine
{Me,Si)-] and 8-azaadenine [8-azaadenine(Me;Si):] (peaks | and 9. respectively) indi-
cate that these compounds are ideally suited for quantitative measurement by GC-
MS/SIM of the modified purines and pyrimidines investigated. The trimethylsilyl
derivative of 8-azaguanine was also tested as a potential internal standard. However.




224 FUCIARELLI ET AL.

TABLEI

Peak Identification in Fig. |

Peak Compound* Peak Compound *
| 6-Azathymine 8 (.rans) Thymine glycol
2 5.6-Dihydrothymine 9 8-Azaadenine
3 S-Hydroxy-5.6-dihydrothymine 10 FAPv-adeninc
4 5-Hydroxyuracil® 11 8-Hydroxyadenine
S 5-Hydroxy-5.6-dihydrouracil* 12 FAPy-guanine
6 S-Hydroxycytosine! 13 8-Hydroxyguanine
7 (cis) Thymine glycol

* As their trimethylsilyl derivatives.

* S-Hydroxyuracil ts a product of the acid-induced deamination and dehydration of ¢cytosine glycol (35).
¢ 5-Hydroxy-5.6-dihvdrouracil is the deamination product of S-hydroxy-5.6-dihvdrocytosine (20).

4 5-Hydroxycytosine is a product of the acid-induced dehydration of cytosine glycol (35).

despite having an ideal elution position (approximately 9.4 min), this compound was
not suitable for use as an internal standard because of its poor solubility in water.
Several other rcasons make these compounds a good choice for use as internal stan-
dards. These compounds are stable in acid. are available commercially, and are not
formed in treated DNA. The trimethylsilylated products are stable over a period of
days (data not shown) and the mass spectra of 6-azathymine(Me;Si). and 8-azaade-
nine(Me;Si), exhibit intense M " and (M-Me)' ions (m/z 271 and 256, respectively,
and m/z 280 and 265. respectively).

The extent of derivatization and the stability of the trimethvisiivlated derivatives
of the modified purines and pyrimidines were also addressed. Derivatization of
purines and pyrimidines has been known to occur over a very rapid time scale (3.2-
34). However. the time dependence of the derivatization reaction for the radiation-
induced purine and pyrimidine products has not been reported. Figure 2 reveals the
time course of the denvatization reactions for the modified purines and pyrimidines
reported herein and indicates that the reactions proceed to completion within 20 min.
However. due to the number of the samples generated in these experiments and the
finite time required to perform an analysis. stability of the trimethylsilyl products
over the time course of days was determined. Figure 3 confirms the stability of those
products over the number of days required to complete the analysis for a typical
experiment. These data indicate that the derivatization proceeds very rapidly and
that the trimethylsilylated products thus formed are indeed stable for sutficient time
to complete the experimental analyses.

Having demonstrated that the derivatization reaction was optimized. calibration
of the mass spectrometer using authentic purine and pyrimidine compounds was
necessary. The mass spectrometer was calibrated by analyzing samples containing
known molar amounts of the modified bases and internal standards. The ion current
ratio of an ion of a compound and an ion of the internal standards was measured and
plotted as a function of the ratio of the molar amounts of the compound and the
internal standard. This yielded a calibration plot. in which the slope of the linear
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FiG. 2. Time dependence of derivatization of modified punine and pyrimidine bases. The ratio of the
area of the product over that of the internal standard (.1,/.4,) as measured by GC-FID was plotted as a
function of time of derivatization at 130°C. (A) Moedified pyrimidines using 6-azathymine as the internal
standard: (@) 5.6-dihydrothymine(Me.Si). (/> 257). (@) thymine glycol(Me Si)y (/- 259): (m) 5-
hydroxvuraciliMe.Si}); (m/z 329). (B) Modified purines using 8-azaadenine as the internal standard: (&)
FAPy-adenine(Me.Si): (m/z 354). (A) 8-hvdroxvadenine(Me Si)y (m/z 352). (¥) FAPy-guanine(Me Si),
(m/z 442). (V) 8-hydroxyguanine(Me,Si), (:m/z 440). Each data point represents the mean (£SE) from
three replicate experiments.

regression line represents the relative molar response factor (25). High sensitivity for
product detection can be achieved by monitoring the most intense characteristic ion
of the compound under analysis. In general. the most intense characteristic ions for

1.0 @ L
3 )
« "
~ o 8 . -+
g N ™ i
a | .
1 0.6 1
w
IR )
>
gj [¢] dwt 1 3 [ 23 . +
oy -
% -
2 o.2] J
wo.

0.0 —+— + + +—+

4] b 2 3 4 5
T TIME (days)

®)

2871
~
a
g
o 8] I
)
w
[
>
w 47
A
Y
@ 2t l

o] —t— —

0 2 4 6

TIME (days)

FiG. 3. Stability of modified purine and pyrimidine bases after derivatization. Data were obtained using
GC-FID and plotted similar to that illustrated in Fig. 2. Modified pyrimidines (A) and purines (B) are also
identified in Fig. 2. Each data point represents the mean (+SE) from three replicate expenments,
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Fi1G. 4. (A) Cahbration plots for the Me;Si derivatives of the modified pyrimidine bases relative to 6-
azathymine(Me.Si),. The slope of the lines represents the relative molar response factors for (@) 5.6-dihy-
drothymine(Me;Si), (m/z 257). (#) thymine glycol(Me St), (71/2 259); and (@) 5-hvdroxyuraciliMe:Si):
{(m/z 329). (B) Calibration plots for the Me.Si derivatives of the modified purine bases relative to 8-
azaadenine(Me.Si),. The slope of the lines represents the relative molar response factors for (a) FAPs-
adenineg(Me;Si); (m/z 354). (A) 8-hydroxyadenine(Me Si). (m/z 352). (¥) FAPyv-guanine(Me,Si), (m/z
442). and (V) 8-hvdroxyguanine(Me,Si), (/11/ - 440). Each data point represents the mean (+SE) from three
replicate experiments and the data were fitted by least-squares linear regression analysis.

the Me;Si derivatives of the modified bases used here are the molecularion (M ") and
the characteristic (M-Me)' ion (for the mass spectra see Refs. (/9) and (20)). In the
case of thymine glycol{Me;Si);. the intense 1m/z 259 ion was used. An example of the
determination of the relative molar response factors for the #i/z 257, 329, and 259
ions of S5.6-dihydrothymine(Me;Si).. S-hydroxyuracil(Me;Si);, and thymine
glycol(Me;Si),. respectively, is illustrated in Fig. 4A using the ni1/- 256 ion of 6-
azathymine(Me;Si),. Figure 4B illustrates an example of the determination of the
relative molar response factors of the my/- 354. 352, 442, and 440 ions of FAPy-
adenine(Me;Si);. 8-hydroxvadenine(Me;Si);. FAPy-guanine(Me,Si),. and 8-hv-
droxyguanine(MeiSi),. respectively, using the mi/z 265 ions of 8-azaadenine
(Me,Si),. These figures indicate that the response of the mass spectrometer for these
compounds in the range of the ratio of concentrations used was linear. The vield of
5.6-dihydroxy-5.6-dihydrocytosine {cytosine glvcol). which is the actual radiation-
induced product of the cytosine moiety in DNA (20)). is represented by the summa-
tion of the yields of 5-hydroxycytosine and 5-hvdroxyuracil. These compounds result
from the acid-induced modification of cyvtosine glycol (35). In the case of 5-
hydroxycytosine(Me;Si);. the relative molar response factors were assumed to be
equal to those of S-hydroxyuraciiMe;Si); due to the lack of authentic compound.
This assumption was based upon the similarity of the mass spectra of these com-
pounds with respect to the ions and their relative intensitics (for comparison of the
mass spectra sec Refs. (20) and (22)). Due to lack of authentic reference standards.
relative molar response factors for the compounds S-hydroxv-5.6-dihyvdrouracil [the
acid-induced degradation product of 5-hydroxy-5.6-dihvdrocviocine (20)] and 5-hy-
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F1G. S. Release of bases from DNA irradiated to 100 Gy in nitrous oxide-saturated aqueous solution as
measured by HPLC as a function of time of formic acid hydrolysis at 150°C. The inset iliustrates the HPLC
chromatogram of irradiated DNA before (A) and after (B) 40 min of acid hydrolysis.

droxy-5.6-dihvdrothymine were estimated from the mass spectra of these compounds
and therefore may have an error associated with them. The measured relative molar
response factors are not universal since they are dependent upon experimental and
instrumental parameters and might also change according to the tuning conditions
associated with the day to day operation of the mass spectrometer. Hence the relative
molar response factors must be determined in cach laboratory and measured rou-
tincly 1o ensure accurate measurements,

With respect to analyses of irradiated DNA samples. the modified purine and py-
rimidine bases must first be released from the sugar-phosphate backbone of the DNA
molecule. Removal of purine and pyrimidine bases from DNA in the presence of
formic acid (36) is one method which has been used to assess the vield of acid-stable
radiation products (3. /7). In the present work, relcase of DNA bases from a sample
of DNA irradiated to 100 Gy as a function of time of hydrolysis in formic acid was
followed by HPLC using an ion-exchange column capable of separating highly poly-
merized DNA from purines and pyrimidines. The chromatograms illustrated in the
inset of Fig. 5. where the absorbance at 260 nm is monitored over the time of chroma-
tography. reveal that high-molecular-weight DNA (retention time 52 min on chro-
matogram A) is hydrolyzed to the constituent bases (retention time 3-6 min on chro-
matogram B). The time course of this hydrolysis. as illustrated in Fig. S. indicates
that base release has gone to completion within 40 min. The peaks eluting between
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FiG. 6. Release of base products from samples of DNA irradiated to 100 Gy in nitrous oxide-saturated
aqueous solution as measured by GC-MS/SIM as a function of the time of formic acid hydrolysis at 150°C.
(A) Modified pyrimidines: (®) 5.6-dihydrothymine: (®) 5-hydroxy-5.6-dihydrocytosine: (®) 5-hydroxy-
5.6-dihydrothymine: (O) cytosine glycol: ( . ) thymine glycol. (B) Modified purines: (o) FAPy-adenine; (A)
8-hydroxvadenine: (¥) FAPy-guanine: (V) 8-hydroxyguanine. Each data point represents the mean (+SE)
from three replicate experiments.

30 and 40 min in the hydrolyzed sample of irradiated DNA (chromatogram B) are
devoid of absorbance spectra characteristic of purine or pyrimidine constituents and
are as yet unidentified. Analysis of these samples by GC-MS/SIM reveals that a pla-
teau for release of the radiation-induced DNA base products occurs within 40 min.
If the modified bases were labile under the acidic conditions used, then a decrease in
their yield would occur over prolonged exposure. However, a distinct plateau was
maintained for at least 80 min of heating at 150°C (Fig. 6). The data in Figs. S and 6
indicate that the release of modified purines and pyrimidines from the sugar-phos-
phate backbone of DNA is complete within 30-40 min of hydrolysis in acid at 150°C
and that the products are stable under these conditions.,

As a demonstration of this methodology for quantitative analysis of radiation-in-
duced DNA base modification, product formation was assessed as a function of radia-
tion dose. Figure 1 illustrates a selected-ion chromatogram generated from a DNA
sample which was y-irradiated to 100 Gy in nitrous oxide-saturated aqueous solu-
tion. Following analysis, the areas of the peaks representing those products listed in
Table | were integrated and product yield from each sample was calculated. Figure 7
illustrates the product yield in each DNA sample in terms of micromoles per gram
of DNA plotted as a function of radiation dose. Generally, products were detected in
low yields in unirradiated samples (Fig. 7. Ref. (22)). However, product yield was
found to increase linearly as a function of radiation dose in the range studied. From
these data, radiation chemical yield was calculated from the slope of the best-fit lines
obtained by least-squares linear regression analysis and listed in Table I1. Although
several studies address the yield of the radiation-induced DNA base products in air-
and/or nitrogen-saturated aqueous solution (3-6, §-15), no studies which permit di-
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F1G. 7. Product formation resulting from exposure of nitrous oxide-saturated solutions of heat-denatured
DNA to ionizing radiation. (A) Modified pyrimidines: (@) 5.6-dihydrothymine: (@) 5-hvdroxy-5.6-dihy-
drocytosine: (#) 5-hydroxy-5.6-dihydrothymine: (O) cytosine glycol: () thymine glycol. (B} Modified
purines: (a) FAPy-adenine: (A) 8-hydroxyadenine: (¥) FAPy-guanine; (V) 8-hydroxyguanine. Each data
point represents the mean (+SE) from three replicate experiments and the data were fitted by least-squares
linear regression analysis.

rect comparison of the yield of these products obtained from DNA samples irradiated
in nitrous oxide-saturated aqueous solution are available.

In summary, 6-azathymine and 8-azaadenine have been suggested for use as appro-
priate internal standards for quantitative measurement of radiation-induced DNA
base damage using the GC-MS/SIM technique and the procedure used to calibrate
the mass spectrometer by experimental determination of relative molar response fac-
tors has been presented. Studies which demonstrate completeness of acid hydrolysis

TABLEI

Product Yield from DNA Samples Irradiated in Nitrous Oxide-Saturated Solutions
in the Heat-Denatured Conformation®

Product vield
Product mmolJ ') x 107
5.6-Dihydrothymine 0.88
5-Hydroxy-5.6-dihydrothymine 4.05°
Cytosine glycol 1.63°
S-Hydroxy-5.6-dihvdrocytosine 0.74°
Thymine glvcol 1.43
FAPy-adenine 0.3t
8-Hydroxyadenine 0.31
FAPy-guanine 0.41
8-Hydroxyguanine 0.75

2 DNA. 0.5 mg/ml. in 30 mmol dm * phosphate bufter, pH 7.0.
" Relative molar response factors have been estimated.
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of the DNA samples and optimization of the derivatization reactions were presented.
In addition, the stability of the modified DNA bases in acid and the stability of the
trimethylsilylated DNA bases over the time course required to complete analysis of
a typical experiment were also described. Using this methodology, the yield of radia-
tion-induced DNA base damage was assessed in samples of heat-denatured DNA
exposed to v radiation in nitrous oxide-saturated aqueous solution and radiation
chemical yields under these conditions are reported. Quantitative measurement of a
plethora of radiation-induced DNA base modifications under a variety of radiolysis
conditions is now feasible.
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Tropism of canine neutrophils to xanthine oxidase

Dale F. Gruber, PhD, and Ann M. Farese, MA

SUMMARY

Quantitative evaluation of neutrophil chemotaxis was
performed on cells obtained by hypotonic-lysis techniques
from heparinized blood samples from clinically normal
dogs. The techniques resulted in neutrophil recovery rates
between 60 and 80%. Chemotaxis comparisons were based
on cellular migration in microchambers equipped with
polycarbonate membranes with 5-pm pores. Chemo-
attractant comparisons were based on neutrophil migra-
tion to medium, normal canine plasma, zymosan-activated
plasma, and xanthine oxidase. Cellular migration to zy-
mosan-activated plasma in buffer (1:100 dilution) was
significantly (P < 0.001) enhanced over randem baseline
medium migration. Neutrophil migrations to normal ca-
nine plasma and xanthine oxidase were quantitatively
less than to zymosan-activated plasma, but were equiv-
alent to each other and significantly greater than for ran-
dom migration. Migration to xanthine oxidase was
maximal at concentrations near 1 U/ml within 30 min-
utes.

Exposure of neutrophils to inflammatory substances in-
itiates physiologic and metabolic changes in the cell, in-
cluding ion fluxes.' cellular orientation or polarization,*
locomotion.? lysosomal secretion,® and production of re-
active oxygen intermediates.” One important intermedi-
ate of oxygen metabolism is superoxide anion. Neutrophils
reportedly release superoxide anion during phagocytosis®
or after activation by complement, aggregated immuno-
globulins,” or endotoxins.” The participation, or relation-
ship. of superoxide anion to the inflammation process has
been inferred from the anti-inflammatory effects of its
antagonist, superoxide dismutase."* Superoxide anion also
may be produced acellularly by enzymatic action. Xan-
thine oxidase was the first identified biological source of
superoxide anion.'" Widely distributed, xanthine oxidase
is particularly rich in lung. liver, and intestinal tissues,'!
where it exists primarily as xanthine dehydrogenase.'?
Xanthine oxidase, an oxireductase, generates superoxide
anion from xanthine, hypoxanthine, and acetaldehyde
substrates. Neutrophil chemotaxis toward inflammation
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may be related to the presence of superoxide anion.!'? De-
spite the fact that defective inflammatory cell migration
has been associated with the pathogenesis of many dis-
eases, little information exists on operant regulatory
mechanisms. Even less is known of chemotaxis regula-
tion in dogs, despite the fact that dogs are being used for
investigation of septic shock,!*'® pulmonary injury,'” and
myocardial infarction.'® The study reported here was con-
ducted to determine whether xanthine oxidase, an super-
oxide anion substrate, alters the directed migration of
isolated canine neutrophils.

Materials and Methods

Animals—Hra Beagles (Cants familiaris' 1 to 2 years old and
weighing 10 to 12 kg were quarantined and screened for evi-
dence of disease before being released to experiments. Unless
prescribed by protocol, subjects were not administered medica-
tion for 30 days prior to or during experimental participation.
Dogs were provided commercial dog food and allowed access to
tap water ad libitum. Animal-holding rooms were maintained
at 21 C = 1 C with 50% = 10% relative humidity, using at
least 10 air changes’hour of 100% conditioned fresh air. All
holding rooms were maintained on a 12-hour light-dark full-
spectrum photoperiod with no twilight.

Neutrophil isolation —Blood (5 ml, once'month) was drawn
from each dog's lateral saphenous vein into heparinized* (10 U
m! of blood) syringes. Blood was washed in Hanks balanced salt
solution® (400 % g, 10 minutes, 21 C1. Contaminating RBC were
lysed with 0.83% NH,CI" (10 minutes, 4 C) and washed in Hanks
balanced salt solution. The leukocyte pellet was suspended in
phosphate-buffered saline solution® supplemented with 0.27% heat-
inactivated fetal bovine serum.® Wright-stained blood smears
were prepared for differential and morphologic examinations.
Complete blood cell counts were obtained by automated analy-
sis.” Viability of cells isolated in this manner was > 95% when
assessed by trypan blue or propidium iodide exclusion.

Chemoattractants —Zymosan-activated plasma was prepared
by incubating 5 mg of zvmosan" ml of freshly drawn plasma for
30 minutes at 37 C. Zvmosan was removed by centrifugation
1400 ~ g, 10 minutes, 21 C). Plasma or zymosan-activated plasma
chemoattractants were prepared by adding plasma to buffer at
a concentration of 1:100 (v vi. Xanthine oxidase was added to
phosphate-buffered saline solution at 2.5, 5, 10, and 201,000 «v
vi. Control wells received phosphate-buffered saline solution
alone.

* Hanks halaneed salt solution and preserative-free sodium hepann, Grand
Istand Biologneal Co, Grand Island. NY
Y Xanthine oxidase oxanthine oxireductase, grade T, superoxide oxidoreduc-

tase superoxide dismutase . svmosan- AL and NHLCL Simma Chemieal Co, St Lowis,
Mo
Phosphate-butfered saline solution. Biofhinds Inc. Rockville, Md
" Fetal bovine serum. Hyvelone Labhoratories, Logan, Utah
© Model 8, plus 1L Conlter Electromes, Hialeah, Fla
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Chemotaxis assay—A 48-well microchemotaxis chamber as-
sembly’ was used to quantitate cellular migration by counting
neutrophils that migrated through a 10-um-thick polycarbonate
polyvinyl pyrrolidone-free membrane with 5-um pores.« Lower
wells received chemoattractant or medium. Upper wells re-
ceived a cellular mixture adjusted to contain 10" neutrophils.
Chambcers were incubated at 37 C for 1 hour. Filters were re-
moved and the nonmigrating side was scraped clean of cells.
Filters were fixed in 100% methanol for 1 minute and stained
in differential stain." Four high-power 1100 » 1 microscopic fields
across the diameter of the well were examined. and the mean
cellular migration per field per hour was determined.

Statistical Analvsis—All data were recorded as mean © SEM.
Differences were analyzed for statistical significance. using the
Student ¢ test.

Results

The migratory responses of neutrophils to concentra-
tions of xanthine oxidase between 0.125 and 1 U ml, final
volume, are depicted (Fig 1). Migration to 1 U'ml was
generally better than the migration to lower concentra-
tions, but was significantly (P < 0.05) increased only at
90 minutes. The highest concentration level was selected
for further examination.

The migration of neutrophils to chemotaxis medium
alone was enhanced by the inclusion of 1 U of xanthine
oxidase/ml of medium (Fig 2). At 30 minutes' incubation,
cellular migration toward 1 U of xanthine oxidase was
significantly (P < 0.01) enhanced over that toward me-

Neuro Probe Ine. Bethesda, Md
* Nucleopore Corp, Pleasanton, Calif
©Dif-Quick stinn. Fischer Scientific, Sibver Spring, Md
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Fig 1-- Migration of neutrophils to vanous concentrations of xanthine oxi-
dase. Data points are the mean number ( +© sem) of migrating cells per
high-power field. Mean cellular migration was determined from a mimmum
of 4 high-power fields from tnplicate samples. Minimum of 5 dogs were
exammed per data point.
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Fig 2 - Migration of neutrophils 10 1 U of xanthine oxidase ml of medium
or 10 medium alone over a 90-minute period

TABLE 1 Neutrophil chemotaxis

Mean Nooof
cells ur D
Nooo tields - skt miedium

Medium 26 U
Plasmad 26 113 -6 0o
Zymosan-activated

plasmad 26 147 - 4 unG]
Xanthine oxidasc

U ml ot medium 26 1= - 8 R

©No ot experimental observations 7 1 field  Hagh-

power 100 -

dium
Migration of neutrophibs to medinm, normal phasma.

symosan-activated plasma and xanthine exidase Data

are expressed as mean number of migrating cells ne field
©onEMe for I8 o 24 subjects

field ¥ 1100 didution of plisma to me-

dium alone. This level of significance was maintained
through the 90-minute incubation period.

To determine whether the chemotaxis technique was
affected by cellular concentration. a titration curve was
developed. Neutrophils responded to medium alone or to
1 U of xanthine oxidase ml of medium, in almost straight-
line fashion (Fig 31. The cellular concentration selected
for further examination was 2 - 10° cells ml.

On the basis of the total and differential leukoeyte counts
obtained from the ¢BC counts and final cell isolates, 76¢;
of the total available neutrophils were harvested by these
techniques. Final cell isolates were almost 897 neutro-
phils. Viability was normally ~ 957 when examined by
trypan blue or propidium iodide exclusion.

The mean background random migration was 79 + 3
cells/high-power field (Table 1). The presence of 1:100
normal dog plasma in buffer increased the mean migra-
tion/high-power field to 113 ¢+ 6 cells (P < 0.001). Similar
concentrations of the same plasma aliquot activated by
zymosan resulted in mean migration of 147 ¢+ 9 cells’
high-power field (P « 0.001 vs medium. P - 0.008 vs
plasma). Xanthine oxidase added to buffer resulted in mean
cellular migration of 118 + 6 cells’high-power field (P <
0.001 vs medium). The migratory effect attributable to
the addition of xanthine oxidase to buffer was not signif-
icantly different from the migratory effect of plasma (P
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- 0.55281, but was less than that for zvmosan-activated
plasma P 0.02y,

Discussion

The physiologic responsersi of a host to trauma includes
inflammatory processes characterized by the infiltration
and accumulation of neutrophils. The amplification or
perpetuation of inflammatory responses depends on the
emigration of normal leukocytes into the area of injury.
Trauma may alter the capacity of neutrophils to migrate,
thereby exacerbating existing bacterial infections into se-
rious, often fatal, septecemia. Neutrophils migrate to in-
jury sites by moving along concentration gradients
established by intrinsic factors, eg. complement-split
products or extrinsic factors, such as those elaborated by
bacteria. Inflammatory cells also have been suggested as

an intrinsic chemotactic source based on suppression of

leukocyvte infiltration after superoxide dismutase admin-
istration in rodent=" and human beings. " Petrone et al'
suggested that superoxide anion elaborated from neutro-
phils reacted with plasma products to generate chemo-
taxigenic factorrsi. Superoxide dismutase administered 1
hour prior to administration of carrageenan inhibited
edema and influx of neutrophils. as measured by Arthus
response. Our findings suggest that xanthine oxidase, a
tissue factor. has chemotaxigenic properties.

Trauma results in adenosine triphosphate catabolism
and formation of the purine nucleotide precursors hypo-
xanthine and xanthine.?! At the same time, xanthine de-
hydrogenase in tissues in proteolytically converted to

1104

xanthine oxidase.”? The aerobic enzymatic interaction of
the purine nucleotides and xanthine oxidase reduces mo-
lecular oxygen to superoxide anion and H..OQ,. Tubaro et
al**“* reported a marked increase in the : anthine oxidase
activity of neutrophils and macrophages {rom mice in-
fected with Staphvlococeus aureus. The addition of xan-
thine substrate to neutrophils elicited from the peritoneal
cavities of clinically normal mice increased their phago-
evtie bactericidal activity.

It has been proposed that the protective effects of al-
lopurinol. a competitive inhibitor of xanthine oxidase, may
be related to its ability to inhibit the production of su-
peroxide anion via it's effects on xanthine oxidase.** Al-
lopurinol may reduce free radical tissue damage by
inhibiting access to the xanthine oxidase substrate. thereby
reducing inflammation. The participation of xanthine ox-
idase in the process of inflammation may be clinically
relevant in instances of mechanical. thermal. reperfu-
sion, radiation, or inflammatory injury.
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Effects of Acute Sublethal Gamma
Radiation Exposure on Aggressive Behavior
in Male Mice: A Dose-Response Study

DonNA M. Maler, M. A., Ph.D., and
MicHAEL R. LANDAUER, M.S.. Ph.D.

Martr DM, LLanDAUER MR, Effects of acute sublethal gamma
radiation exposure on aggressive behavior in male mice: a dose-
response studv. Aviat. Space Environ. Med. 1989: 60:774-8.

The resident-intruder paradigm was used to assess the effects
of gomma radiation (0, 3, 5, 7 Gray [Gy] cobalt-60) on aggres-
sive offensive behavior in resident male mice over a 3-month
period. The defensive behavior of nonirradiated intruder mice
was also monitored. A dose of 3 Gy had no effect on either the
residents’ offensive behavior or the defensive behavior of the
intruders paired with them. Doses of 5 and 7 Gy produced de-
creases in offensive behavior of irradiated residents during the
second week postirradiation. The nonirradiated intruders paired
with these animals displayed decreases in defensive behavior
during this time period, indicating a sensitivity to changes in the
residents’ behavior. After the third week postirradiation, offen-
sive and defensive behavior did not differ significantly between
irrodioted mice and sham-irradiated controls. This study sug-
gests that sublethal doses of radiation can tempararily suppress
aggressive behavior but have no apparent permanent effect on
that behavior.

NOWLEDGE OF THE behavioral eftects of low
doses of acute 1onizing radiation has become in-
creasingly important in light of recent accidents involv-
ing nuclear material at Chernobyl, U.S.S.R., and Go-
1ania, Brazil (1.20.25). Additionally, extended space
missions, planned for the future, will increase astro-
nauts’ risk of exposure to radiation from solar flares and
Earth’s radiation belt (4). Because of the paucity of be-
havioral data available from victims of nuclear acci-
dents. itis important to conduct controlled studies using
animal models.
Previous radiation research has focused on a vanety
of behaviors, including locomotor activity, operant re-
sponding. conditioned taste aversion. conditioned
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avoidance responding, food and water intake. maze per-
formance, and emesis (see 4,12.15, and 23 for reviews).
In most studies, radiation produced a behavioral decre-
ment. However, the degree and time course of the be-
havioral decrement varied with the behavior studied as
well as with the radiation dose. quality of radiation. and
ammal species used (12,15,22). The complexity and
physical demands of the task and, possibly. the motiva-
tion underlying its performance are involved in the dif-
ferent radiation-induced sequelae for various behaviors
(4.8,15,19). Thus. it is necessary to assess different
types of behaviors separately in order to ascertain the
full range of possible radiation-induced behavioral dec-
rement.

Our laboratory is currently exploring the conse-
quences of radiation exposure on social behavior, an
area which has not been adequately addressed in the
past (19). Since mice exhibit territorial behavior under
laboratory and natural conditions (2.3), a mouse model
of social behavior was chosen to examine the effects of
radiation on territorial aggressive behavior. The present
study monitored the effects of acute. sublethal doses of
gamma radiation on aggressive interactions over a 3-
month period.

MATERIALS AND METHODS

Subjects: A total of 62 male Crl:CFW (SW)BR VAF/
Plus Swiss-Webster mice (Mus musculus) from Charles
River Breeding Laboratory (Raleigh. NC) (3143 g)
were used. The mice were 5.5 months old at the time of
irradiation. All animals were quarantined on arrival, and
representative animals were screened for evidence of
discase before being relecased from quarantine. They
were individually housed in plastic Micro-isolator cages
on hardwood-chip contact bedding in an AAALAC-
accredited facility, Commercial rodent chow (Wayne
Lab Blox, Wayne. OH) and acidified (pH 2.5 using HCh
water were freely available (21). Animal holding rooms
were maintained at 707 ¢ 27 Fowith 0% * 1047 relative
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humidity. The mice were on a reversed 12-h light/dark
full-spectrum lighting cycle with no twilight (lights off at
0700 hours).

Radiation exposure: The mice were placed in venti-
lated, polycarbonate restraint devices for approxi-
mately 20 min during irradiation. Irradiation was ac-
complished with bilateral. whole-body exposure to
gamma-ray photons from a cobalt-60 source. The mice
received either 3. 5. or 7 Gy of gamma radiation admin-
istered at a dose rate of 1 Gy/min. These doses were
chosen based on an L.D30/30 (95% contidence limits) of
7.66 (7.50-7.82) Gy for male Swiss-Webster mice
housed under our laboratory conditions. The sham-
irradiated control mice were treated exactly like the ir-
radiated mice. except that they were placed behind a
lead shield and were not exposed to radiation.

Procedure: A resident-intruder paradigm, in which a
resident mouse attacks an intruder that has entered its
territory. was used to measure social behavior in this
study (26). This paradigm has been widely used to mea-
sure offensive aggressive behavior (observed in the res-
ident as it attacks the intruder) and defensive behavior
(observed in the intruder as it defends itself from the
resident) and has ethological validity as dominant mice
defend their territories in the wild (2,3). The mice were
individually housed | month before irradiation, since
this has been reported to be an effective noninvasive
method for inducing offensive aggressive behavior in
mice (5,7.24). After 2 weeks of individual housing. each
animal was brought to the test room. paired with an-
other weight-matched mouse. and left to fight for 5 to 10
min. The animal that dominated in this encounter was
subsequently designated as the resident and the subor-
dinate antmal became the intruder. Animals remained in
the same resident-intruder pairs throughout the experi-
ment, and all further testing was conducted in the .esi-
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dent’s home cage. Resident animals were randomly as-
signed to four treatment groups: sham-radiation (N =
8),3Gy (N =8),5Gy (N =7),or7Gy (N = 8).

The mice were habjtuated to the testing room for 1 h
before the test. Intruders were placed in the resident’s
home cage (25.7 x 15.2 x 12.1 ¢m) for 5 min during the
dark portion of the light/dark cycle, and the mice were
videotaped under infrared light. After the study was
completed, the videotapes were analyzed by a scorer
unaware of the treatment condition. The following be-
haviors displayed by the resident mouse were scored:
latency to attack, number and duration of roll and tum-
ble fights, and number of bites, lunges. and chases
(2.3.26). Bites did not draw blood or leave any discern-
ible mark on the intruder. Scored behaviors displayed
by the intruder mouse were duration of defensive up-
right postures. number of squeaks, and number of es-
capes from the resident (2.3.6). The mice were tested |
week before irradiation to ensure maintenance of the
dominance relationship established between them at 2
weeks preirradiation. The baseline test was performed 2
d before irradiation. Postirradiation tests were con-
ducted 1 to 3 h postirradiation (day 0), and days 2. 5. 7.
9, 12, 15, 19, 21, 26, 29, 48, 62, and 97 postirradiation.

Statistical analvsis: The nonparametric Kruskal-
Wallis and Mann-Whitney U tests were used to analyze
the data (11). If the Kruskal-Wallis test revealed a sig-
nificant difference among groups (which occurred on
test days 0-19 postirradiation), paired comparisons of
daily scores of each irradiated group with the control
group were made using the Mann-Whitney U test. This
was the procedure followed for each of the eight behav-
iors analyzed. A one-tailed alpha level (p < 0.05) was
set for all statistical comparisons. since radiation has
previously been shown to result in decrements in ag-
gressive interactions (19).
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. haviors dispiayed by resident
. mice in a S-min resident-intruder
1 test. Resident mice were sham-
l irradiated or exposed to 3, 5, or 7
. Gy of gamma radiation on day 0.
Data are presented as a percent-
age of control (sham-irradiated)
group. (A) Number of fights, (B)
Duration of fights, (C) Number of
bites, and (D) Number of lunges
and chases. N = 7 in the 5 Gy
group; N = 8 in the other groups;
*p < 0.03 when compared with
controls.
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RESULTS

In general, resident mice irradiated with 3 Gy did not
exhibit any significant differences in offensive aggres-
sive behavior directed toward the intruders when com-
pared with the sham-irradiated controls (Fig. 1). Simi-
larly, there were no differences in the defensive
behaviors of the nonirradiated intruders paired with the
residents treated with 3 Gy when compared with the
controls (Fig. 2).

For purposes of clarification, data are illustrated as a
percentage of the sham-irradiated control group in Figs.
1 and 2. The means and standard errors of all the pa-
rameters of the control group are presented in Table 1.
The control group is always considered to be 1009 of
the response and is depicted by a solid line.

For the S and 7 Gy groups. significant changes in
offensive behavior in the irradiated residents occurred
primarily during the second week postirradiation. In the
S Gy group. attack latency (data not shown) increased
significantly on days 7 and 9 postirradiation (U (8.7) =
54.p < 0.01: U (8.7) = 50, p < 0.01] and the number of
bites decreased significantly on day 12 postirradiation
[U (8.7) = 46, p < 0.05) (Fig. 1). Defensive behavior
emitted by the nonirradiated intruders paired with res-
idents treated with S Gy also showed significant de-
creases. primarily in the second week postirradiation.
The number of escapes and squeaks decreased signifi-
cantly on day 7 postirradiation in intruders paired with
residents irradiated with S Gy [U (8.7) = 49.5.p < 0.01:
U (8.7) = 44.5, p < 0.05] (Fig. 2). Decreases in defen-
sive behavior also occurred on day 2 postirradiation in
these intruders. Both time spent in the defensive upright
posture and number of escapes decreased at this time in
the intruders paired with S Gy residents [U (8,7) = 44,
p < 0.05: U (8.7) = 44.5, p < 0.05] (Fig. 2). Number of
escapes also decreased significantly in these intruders
on day 0 [U (8.7) = 46. p < 0.05] (Fig. 2).

In the residents treated with 7 Gy, number of fights
and fight duration decreased significantly on day 9
postirradiation [U (8.8) = §5.5. p < 0.01;: U (8.8} =
53.5. p < 0.05] (Fig. 1). On day 12 postirradiation, the
number of lunges and chases decreased significantly [U
(8.8) = 50.5, p < 0.05] (Fig. 1). Defensive behavior
displayed by the nonirradiated intruders paired with res-
idents treated with 7 Gy also showed significant de-
creases during the second week postirradiation. The
number of escapes and squeaks decreased significantly
on day 9 postirradiation {U (8.8) = 54, p < 0.05; U (8.8)
= 51, p < 0.05] in intruders paired with the 7 Gy resi-
dents (Fig. 2). On day 12, both the number of squeaks
and time spent in the defensive upright posture de-
creased significantly in these intruders [U (8.8) = 57.5,
p <0.01; U (8.8) = 49.5, p < 0.05] (Fig. 2). Time spent
in the defensive upright posture also decreased signifi-
cantly on day 19 postirradiation {U (8.,8) = 53, p < 0.05]
(Fig. 2). No significant effects were found in the 7 Gy
group during the first week postirradiation.

After day 19 postirradiation, no significant differ-
ences were found between any of the irradiated groups
and the sham-irradiated control group on any measure
for either the residents or the intruders. Testing was
stopped after day 97 postirradiation. There were no sig-
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nificant differences between the 5 and 7 Gy groups
when the two were compared with each other.

DISCUSSION

The results of the present study indicate that gamma
radiation can temporarily suppress offensive aggressive
behavior during the second week postirradiation. The
extent to which this finding is influenced by a general-
ized malaise or by reductions in spontaneous locomotor
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Fig. 2. Defensive behavior displayed by neonirradiated in-
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group. (A) Number of escapes, (B) Number of squeaks, and (C)
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TABLE 1. MEANS (=S.E.M.) OF THE SHAM-IRRADIATED GROUP FOR BEHAVIOR OF
RESIDENT MICE AND BEHAVIOR OF INTRUDER MICE OVER 3 MONTHS OF TESTING.
(These values were used to compute the control lines that appear in Fig. 1 and 2.)

Offensive Aggressive Behaviors of Sham-Irradiated Residents

No. of Fight No. of No. of
Day* Fights Time** Bites Lunges/Chases
-2 4.1(1.2) 2.7(0.8) 12.8 (3.4) [1.6 (4.0)
0 319(1.49) 3.2(1.3) 19.6 (5.0) 12,6 (5.5)
2 250.0 1.8 (0.7) 9.5(1.9 16.4 (3.7)
S 311N 2.301.0) 13.02.7) 8.1 (1.8)
7 261D 1807 13.53.% 14.5(2.5)
9 2309 1.3 (0.6) 123 3.4 11.6 (2.7)
12 1.910.7 1.4¢0.5) 12.5(2.5) 12.502.4)
15 1.9(1.0) 1.50.7 7.6 (1.8) 9.4(2.9)
19 1.500.8) 0.9(0.5) 9.4 (2.8) 9.9(1.3)
21 1.8¢(0.9) 1.0 (0.5) 9.9 (2.7 8.822.7
26 1104 0.80.3) 6.5(2.5) 10,4 (2.2)
9 1.6 (0.7) 1.3100.7) 11.5(3.2) g5
48 1.4 (0.6) 0.9 0.4) 5.4(1.0) 7.02.1
62 1.9 (0.8) 1.8(0.7) 7.1 (1.8) 7.9(.7)
97 1.0 (0.4) 0.7 0.2) 6.9(1.9) 124 (2.4
Defensive Behaviors of Intruders Paired with Shammed Residents

No. of No. of Defensive

Day* Escapes Squeaks Posture Time**
-2 17.1(5.9) 63.0416.7) 73.8 (14.6)
0 17.0 (6.4) b 105.8 (16.1)
2 16.0 (5.2) S1.5(5.6) 127.1 (22.8)
s 121027 58.9¢7.1 1126 119.5)
7 15.1 (3.5) 56.1(7.5) 136.0 (19.1)
9 12.8(2.8) 45.8(7.%) 108.5 (12.6)
12 14.1 (3.4) 47.6 (3.3) 102.0 21.4)
N 12.303.49) 32.0¢6.3) 101.4¢27.9)
19 10.9 (1.%) 39.33.5) 109.4 (15.3)
21 .1 GRD 38.9 (6.9) [28.1 (16.7)
26 12.8(2.2) 36.6 (5.7 109.8 (16.6)
29 10.3 2.4 34.1 (6.4) 104.0 (22.D
48 10.3¢3.0) 244(4.9) 67.6 (16.2)
62 10,4 2.2 34.0 (6.4) 88.9(17.6)
97 12.6 13.0) 3.6 (5.0 91.5(21.6)

* Test day with baseline test on day ( - 2) before sham irradiation, sham irradiation on day 0. and all

other tests on days postirradiation (N = 8).
** Total duration of behavior in seconds.
*** Data lost because of technical difficulties.

activity is not clear. In a study using doses of 0.5t0 7 Gy
gamma radiation, spontaneous locomotor activity and
body weight in Swiss-Webster mice were temporarily
decreased by 7 Gy cobalt-60 during the second and third
weeks postirradiation but later recovered (16). In
CS7BL/6J mice. doses of 6 and 7 Gy cobalt-60 de-
pressed locomotor activity during the second and third
weeks postirradiation (17). In rats, temporary decre-
ments in locomotor activity occurred 2 to 3 wecks fol-
lowing irradiation with 4 10 6.8 Gy X-rays (10.14); in-
jection of a bone marrow suspension into rats irradiated
with 6.5 Gy X-rays prevented these locomotor decre-
ments (13). Behavioral decrements occurring in the sec-
ond week postirradiation and beyond may be linked to
radiation-induced suppression of hematopoietic tissue.
Irradiation in the 5 to 10 Gy dose range has been found
to cause a decrease in all blood cell elements including
platelets, erythrocytes. lymphocytes, and granulocytes
(9). The resulting anemia, inability to fight infection,
and impairments in blood clotting that cause internal

he.rrhaging (9), may lead to behavioral suppression
unul the blood cells have recovered.

Significant decreases in defensive behavior occurred
on days 0 and 2 postirradiation in the nonirradiated in-
truders paired with residents irradiated with S Gy. Fight
duration and number of bites in the S Gy residents also
decreased on days 0 and 2 postirradiation, but these
decreases, while marked, were not significant. The rea-
son for these early decreases is unclear. A high degree
of variability was noted on the baseline test day among
the four treatment greups. This has previously been ob-
served (19) and is due to the large amount of individual
variation in aggressive behavior from day to day. Since
aggressive behavior is a result of the interaction of two
mice rather than a single animal performing a task
alone, variability is further increcased. In future studies.
we plan to use a larger sample size in an attempt to
reduce this variability.

In previous studies using 10 Gy cobalt-60 in Swiss-
Webster mice. decreases were found in offensive be-
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havior beginning on day 7 postirradiation and in spon-
taneous locomotor activity beginning on day $§
postirradiation (18.19). These animals did not recover
normal levels of behavior and died in the second week
postirradiation (18,19). In the present study, which used
lower doses of radiation, no animals had died by 3
months postirradiation and a behavioral dose-response
relationship was observed. A dose of 3 Gy had no effect
on aggressive behavior, while doses of 5 and 7 Gy pro-
duced similar behavioral decrements. It is possible that
the physiologica! effects produced by each dose were
similar enough to produce equivalent behavioral alter-
ations.

The results of the present study indicate a temporary
deficit in offensive aggressive behavior with S and 7 Gy
of gamma radiation along with concomitant alterations
in the behavior of nonirradiated conspecifics; the latter
may reflect the decline in offensive behaviors observed
in the irradiated animals paired with them. Irradiation
with either high-energy clectrons or gamma photons has
been found to decrease neurotoxin-stimulated uptake of
sodium into synaptosomes in doses as low as 0.1 Gy
(27). Thus, lower survivable doses may have an impact
on central nervous system functioning that could under-
lie subtle changes in complex behaviors (23).

In conclusion, the results of the present study support
our earlier finding that radiation has a suppressive effect
on aggressive behavior, possibly as a result of the acute
radiation syndrome (18). Previous work has demon-
strated that the time course of radiation-induced behav-
ioral suppression varies as a function of the behavior
investigated (12,15,22). For example, research from this
fabnrotory has indicated that radiation-induced decre-
ments in locomotor activity precede deficits in aggres-
sive behavior (18). The ability to coordinate rescue ef-
forts following a nuclear accident or radiation exposure
to space crews is of concern to both the civilian and
military sectors. Radiation-induced alterations in be-
havior are likely to interfere with the effective function-
ing of teams and crews and. thus, deserve further study.
The use of radioprotectants to mitigate radiation-
induced behavioral deficits is. therefore, currently un-
der investigation.
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MICKLEY. G. A, J. L. FERGUSON. M. A. MULVIHILL AND T. J. NEMETH. Progressive behavioral changes during the
maturation of rars with early radiation-induced hypoplasia of fascia demata granule cells. NEUROTOXICOL TERATOL 114y
I85-393, 1989, ~ Locahzed exposure of the neonatal rat brain o X-rays produces neuronal hypoplasia specific to the granule cell layer
of the hippocampal dentate gyrus. This brain damage causes locomotor hyperactivity, slowed acquisition of passive avoidance tasks
and long bouts of spontaneous turning (without reversals) in a bow! apparatus. Here we report how these behavioral deficits change
as a function of subject aging and behavioral test replications. Portions of the neonatal rat cerebral hemispheres were X-irradiated in
order to selectively damage the granule cells of the dentate gyrus. The brains of experimental animals received a fractionated dose of
X rays (13 Gy total) over postnatal days | to 16 and control animals were sham-irradiated. Rats between the ages of 71462 days were
tested 2 separate times on each of the following 3 behavioral tests: 1) spontancous locomotion. 2) passive avoidance acquisition. and
3y spontaneous circling in a large plastic hemisphere. Rats with radiation-induced damage to the fascia dentata exhibited jong bouts
of slow tums without reversals. Once they began. irradiated subjects perseverated in turning to an extent significantly greater than
sham-irradiated control subjects. This iradiation effect was significant duning all test senes. Moreover, in time. spontaneous
perseverative turning was sigmificantly potentiated in rats with hippocampal damage but increased only slightly in controls. Early
radiation exposure produced locomotor hyperactivity in young rats. While activity levels of controls rematned fairly stable throughout
the course of the experiment. the hyperactivity of the irradiated animals decreased significantly as they matured. The total distance
raveled by imadiated rats was significantly above sham-irradiated controls at the beginning of the study but was sigmficantly lower
than controls at the conclusion. Young. irradiated rats learned a passive avoidance task more slowly than controls. They not only took
more trals to meet criterion but their tatency to move into an area in which they had just been shocked was sigmficantly shorter than
sham-irradiated rats. Passive avoidance learning improved in mature animals. These data suggest that radiation-induced damage to the
tascia dentata produces task-dependent behavioral deficits that change as a function of subject age and/or behavioral testing.
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THE central nervous system (CNS) is most sensitive to structural
damage from ionizing radiation exposure during critical periods of
morphogenesis that occur prenatally and soon atter birth, The
consequences of radiation-induced malformations of the CNS are
manifested in the function of the nervous system and in subsequent
behavioral aberrations as well [for reviews see (20.35)).
Through methods that utilize precise timing of brain irradiation
coupled with selective shielding techniques it has been possible to
determine the behavioral changes associated with early radiation-
induced damage to particular brain nuclei. Bayer and Peters have
utilized these techniques to study the behavioral consequences of
radiation-induced hypoplasia of the granule cells in the hippocam-

pal dentate gyrus (fascia dentata). Since lesions of the granule cells
effectively remove a major input to the hippocampus (through the
perforant path from entorhinal contex) they often produce behav-
joral consequences similar to total hippocampectormy (2,361,
Bayer. Brunner, Hine and Altman (61 described locomotor hy per-
activity. reduced spontaneous alternation in 4 T maze and retarded
acquisition of a passive avoidance task in rats with early radiation-
induced hippocampal damage. More recently. we (260 have
replicated and extended this work by revealing that rats with
hypoplasia of the fascia dentata granule cells exhibit perseverative
spontaneous turning. with few reversals. in a bowl-shaped appa-
ratus. These data illustrate behavioral effects of early radiation
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FIG. 1. Growth of irradiated and sham-irradiated rats throughout the course of this expeniment.
The weights presented here were recorded when subjects were being tested on the rotation
measure. There are 3 data points per subject retlecting each of the 3 test sertes. See statistical
comparisons of irradiated and sham-irradiated rat weights 1n the Method section of the text.
Also presented for comparison are normative weights for this strain «21.32). Lines were fit

using the least squares method (391

exposure and suggest a role for hippocampal granule cells in
working memory (M), response inhibition (1. 13, 19). and
perhaps spatial mapping (29).

Most previous studies have described behavioral effects of
radiation-induced damage to the neonatal dentate gyrus by meas-
uring performance deficits at a single point in time. These analyses
are typicathy done in voung-aduit subjects (6. 16, 36. 37). The
purpose of the present experiments was to trace the consequences
of carly brain damage longitudinally. The same rat subjects were
assessed on a battery of tests during 3 separate periods in their
maturation. Here we report that radiation-induced behavioral
deficits are not alway s stable throughout maturation. Instead. the
progress of behavioral decrements following damage to the fascia
dentata s task-dependent and performance may get progressively
more. of less. severe as the brain-damaged animal matures.

METHOD
Subjects

Pregnant rats {Crl: CIXSIDIBR] obtained from Charles River
Laboratories, Kingston, NY., and screened for evidence of disease
were housed in i facility accredited by the American Association
for Accreduation of Laboratory Animal Care (AAALAC), Tem-
perature and relative hunudiny 1 the animal rooms were held at
19-21 Cand 50 = 109 respectively . with 10+ it changes hour.
Full-spectrum highting was ¢yveled at 12 hour intervals dights on at
0600 with no twilight. The rats used in these experiments came
from a total of 19 different litters. On the day of birth (day 1) ditters
were culled and only 4-8 males-litter were reared together. Based
on a random selection process, from |- 5 of these rats in each litter
were actually used in the experiments reported here. All rats were
weaned at the same time (between 23- 28 dayvs after birth) and then
indivicually  housed in microsolator. polycarhonate cages on
hardwood chip contact-bedding. Rats were given ad lib Wayne
Rodent Blox and acidified water (HCLL pH 2.5 to prevent the
spread of Pseudomonasy. Palatabihty studies indicate that ammals
do not prefer tap water to acidified water and that there are no
deletertous effects of this water treatment over the htetime of the
subject [tor review, see (3R)).

Irradiated rats weighed less than sham-irradiated controls
throughout most of the experiment (see Fig. 1). This weight
difference was noted before weaning on postnatal day 21 [irradi-
ated =51.1=0.8 g (SEM): sham-irradiated =63.7 = 1.1 g (SEM):
n52)=9.08. p<.0.001] and persisted in 71-day-old adolescents
lirradiated = 356.2 = 5.7 g (SEM): sham-irradiated = 434.2=8 4 ¢
(SEM): 146) = 5.79, p~0.001] as well as mature (200-day-old)
subjects [irradiated = 527.9 = 10.4 g (SEM). sham-irradiated =
640.8 = 11.2 g (SEM): #(58)=7.36, p<<0.001]. However. abso-
lute weights for both irradiated and control rats were initially
higher than published norms for this species (21.32). This may
be due to the fact that hitters were quite small after thev were
culled to contain only males. Rats raised in small litters tend
to be significantly larger than are those reared in standard-sized
hitters (27,

The rats in the current study were sacrificed at the end of the
experiment to allow histological analysis of the brain (see below ),
However. in another set of animals. treated identically . we tfound
partial head irradiation did not significantly alter the life span of
the ammals (median = 589 days: range = 127-769: N =401 a8
compared to sham-irradiated controls (median = 640 day s: range =
180-782: N =232y,

See Table [ for the number of subjects and their ages at the
beginning of behavioral testing. Although their treatment was
otherwise identical. some of the rats in this experiment served as
“sham-surgical ™ controls for another study . In this context 15 of
the sham-irradiated rats and 11 of the irradiated animals underwent
a surgical procedure after the first behavioral test series [mean age
at time of surgery = 182 =4 (SEM) davs]. The animals were
injected with atropine sultate (0.4 mg'kg. IP) and then anesthe-
tized with sodium pentobarbital (S0 mghg. IP). Using aseptic
techmques. the scalp wis opened. a hole was drilled on both wides
of the cranium adjacent to the mudhine, and the dura mater was
broken with a probe. Following this procedure the scalp was
sutured and subjects were placed back inte their home cages. Full
recovery was allowed since the next behavioral test series did not
commence until almost 100 dayvs after this surgers . Within cach
statistical analysis we compared the data derived from these
animals to the data from rats not having the surgery (see Statistical
Analysis sectiony and found them not to differ significantly .
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TABLE |
NUMBER AND AGE (DAYS) OF RATS AT THE TIME OF BEHAVIORAL
TESTING
Test ] Test 2 Tewt 3
Behaviorat
Meisure N Age N Age N Age
Locomotor Actuvity
Irradiated 20 146 - T 21 279 = )3 200 36Y -9
Sham-lrradiated 22 )33 = 3 21 266 - K 22 343 2 1]
Rotation
Irradiated 200 154 = 10 IX 268 = 17 20 372 = 42

Sham-Trradiated 22 135 = 8 22 253 = 12 22 349 = 13
Pasaive Avordance

Irradiated 19 186 - 12 19 276 = 6 19 355 =

Sham-Trradiated 22 146 - (00 22 270 = 6 22 44 - T

Al rats were tested on these 2 behavioral measures. Vanations in N
between ditferent tests are due to sheht procedural problems or equipment
maltunctions that disqualitied a particular subject’s data trom clusion
Mean = SEM

Irradianion

Subjects from cach litter were randomiby assigned to either the
Naimadiated or the sham-wradiated (controb group. Irradiated rats
recened collimated X-rass (Phillips Industrial 300 kvp X-ray
machine. Phillips. fnc.. Mahwah, N1: configured with 1.5 mm of
copper filtration. with o halt-value laver of 2.5 mm copper)
delivered dorsally L in the coronal plane. through a narrow sfot in
a Joose-fitting whole-body lead shield. X-rays were confined to
that area of the head previously determined to contain the
hippocampus. Determinations of the location of the hippocampal
formation relutive to external landmarks te.g., snout. eyes, ears)
were made during preliminany dissections of other neonatal rats.
These external landmarks were subsequently used to set the
position of the slot in the lead shield during our irradiation
procedure. The measurements and anatomical fandmarks we used
tor shicld placement corresponded closely to those previously
reported by Bayer and Peters (7). The slot in the shield was the
opening between 2 movable lead strips (22.8 % 6.8 < 2 ¢cm) sus-
pended just above the heads of the rats in the radiation exposure
array . The opening extended laterally beyond the full width of
cach rat head and varied between S 10 mm in the anterior:
posterior plane in order to accommodate the growth of the
head brain over the course of the radiation treatment {see (7)1 for a
comples s axplanation o thiv rea o e ol T rats wers
exposed to 2.0 Gray Gy on postmatal days 1 oand 2 iday of
hirth = postnatal day 1, and to 1.5 Gy on postnatal days 5. 7.9,
12, 14 and 16 for o tota) partial-head-only dose of 13 Gy (]
Gy = 100 radsy. Doses were determined by asing Exradin 0.08 ¢
tissue-equinadent ion chambers with calibration traccable to the
Natonal Insttute of Standards and Technology . X-rays were
delivered at a rate of 0.49 Gy‘minute (total irradiation ime =
3540 mim at a depth of 2 mm in tissue. The sham-irradiated
control rats were restratned for the same time period as the
irradiated rats but were not exposed to X-rays,

The entire anterior/postenior extent of the hippocampal forma-
tion was irradiated as were brain areas dorsal and sentral to this
structure fsee (31 for a lisung of these other brain arcas|. Brain
structures anterior and posterior to the ot n the lead were
shielded. At the time of our postnatal radiation exposures the rat

|

kLY

brain contained three remaining populations of dividing (and
therefore radiosensitive) cells: neuronal precursors of granule cells
in the hippocampus., cerebellum and olfactory bulbs (5.6). Two of
these major neuronal precursor populations ¢in the cerebellum and
olfactory bulbsy were covered by the radio-opaque shielding.
Unshielded were the mitotic (radiosensitive) granule cells of the
dentate gyrus and the mature neurons in other brain structures
residing in the same coronal plane as the hippocampus. This
procedure produces selective hypoplasia of granule cells i the
dentate gyrus (7.17) while sparing the radioresistant (11.18)
mature neurons of other brain structures. The technigque has
beeir vahdated through a variety of neuroanatomical methods (5.
17. 40y,

Apparatus and Procedures

Following hrradiation. rats were allowed to mature for approx-
imately 4 months (see Table 1) betore behavioral testing began. At
this time. and during 2 subsequent time periods (approximately 9
and 12 months after birth) we recorded performance on 3 behav-
1oral measures (see below). There was no systematic order in the
conduct of these behavioral tests within each test series.

Spontaneous rotation. Rotation was measured in one of two
opague. sound-insulated. 60-cm diameter plastic hemispheres
tbowls). Rotation within the hemisphere was inevitable since this
was the primary gross movement permitted by the shape of the
apparatus. Circling was measured through a projector-drive cable
clipped to a wide rubber band around the rat’s thorax. Following
the design of Greenstein and Glick (15, the cable turned a siotted
illuminated disk uncovering one of four phototransistors. The time
and direction of each quarter turn in each of six. 30-minute
sessions was recorded on a microcomputer.

Rats were tested at approximately the same time during the
light portion of the day for six days. After each rat was put into the
hemisphere and the cable clipped to its band harness, the hemi-
sphere’s sound-attenuating lid was lowered. leaving a 0.5-mm
gap. Spontaneous turning was recorded for 0.5 hr. Bowls were
thoroughly washed between runs. In order to contrei for an
apparatus  bias. daily runs were altermnated between two  test
hemispheres.

Locomator activity. Locomotor behaviors were automatically
recorded using Digiscan Ammal Activity Monitors. Model DCM-
16 (Omnitech Electronies. Columbus, OH)y. Monitors consisted of
a square acryvlic activity arena (40> 30~ 30 cm) and an array of
infrared horizontal and vertical sensors 1 inch (2.54 e apart.
Horizontal and vertical sensors were positioned 1.3 and 1.0 cm,
respectively . above the floor of the cage. Data were processed and
recorded by a Digiscan Analyzer (Omnitech. Model DCM) and an
IBM-PC/XT computer.

Measurements were made 1 a Digiscan activits monitor tor at
leest s b-hour periods separated by 1 week or more. The
following activity parameters were recorded during the lighted
portion of the dark-light cvele: 1 Total distance traveled: a
measure of horizontal locomotion that goes bevond infrared beam
break counts. takes into account diagonal mosements. and com-
putes actual distance traversed: 29 Vertical activity: total number
of beam interruptions that occurred in the vertical sensor (this
parameter included. but was not linuted to rearing: hugh snitting
movements were also recorded by vertical-sensor beant breaks: 3y
Stercotypic movements: number of oceurrences of quick ¢+ | seey
repetitive breaks of the same horizontal beam.

Passive avoidance. Passive avordance was measared within a
shuttle box comprised of two compartments feach 22 - 22+ 22
cm separated by a black plastic puillotine door. Each comparnt-
ment was made of black plastic except for the top and the trom
walls which were clear. The goal compartment was identical 1o the
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start box except for a small nonoperative light on the wall at the far
end and a plastic food tray on this wall 2 ¢cm off the floor. The
floor was made of metal rods (0.5 ¢m diameter. 1.7 ¢cm apart).
Leads tfrom a Coulbourn Instrument’s (Lehigh Valley, PA) con-
stant-current shocker (Model E13-04) were connected to the floor
bars in the goal compartment but not to the bars in the start
compartment.

Three to 7 days before training. rats were given daily rations of
5 g of Wayne Rodent Blox and 1-5 g of highly palatable breaktast
cereal (Froot Loops™. Kellogg Company. Battle Creek. MI). For
2 10 4 days before training. each rat was allowed to fully explore
the shuttle box (with cereal in the food-tray) for 15 to 45 minutes.
Body weight on the first day of training averaged 87% of weight
for the week prior to food reduction. During training (15 trials
each day) the rat was placed in the start compartment with the
divider door closed. After 5 seconds the door was raised and a
umer started. The trial ended either when the rat grasped a Froot
Loop™ or in 2 minutes. Between training trials. the rat was
returned to its home cage for 20 seconds. Avoidance testing was
started when a rat both averaged less than 10 sec per trial to grasp
the food during a training session and. on the first S trials of the
following day . had a median latency to grasp the food of 10 sec
or less.

Avoidance training/testing consisted of initiating a regular
tratming trial as usual. However. when the rat’s four feet were in
the 2oal box. the experimenter administered a 0.25 mA scrambled
tootshock until the rat retreated to the safe side. The rat was then
returned to its home cage for 60 seconds. This procedure was
repeated on subsequent trials except that the floor on the food side
of the chamber was continuously electritied. The critical latency
measured was the tme tor each rat to cross onto the shock grid. A
trial was terminated if the rat cither crossed onto the food/shock
side of the chamber (registering a decrease in resistance across the
rods) or staved on the safe side for 120 seconds. The session (and
tes0 was ended when the rat remained in the safe area for 120
seconds on three consecutive trials or after 20 test trials. After each
session the apparatus was thoroughly cleaned and paper under the
rod tloor was replaced.

Histology

After behavioral testing. our rats were anesthetized and per-
fused with heparinized saline tollowed by 10 butfered formalin.
Brains were embedded an paraffin. serially sectioned (6 p) (in
cither the coronal or sagittal plane) and then stained with cresyl
violet and luxoel fast blue (23, All brains received a preliminary
review to confirm radiation-induced damage to the dentate gyrus.
In addition. brains shiced in the sagittal section tirradiated, N = 20;
sham-irradiated. N = 20y were analyzed in more detail. A single
section fapproximately 1.9 mm lateral to the midline) (31) was
used tor this analysis to 1) estimate the degree of fascia dentata
injury and 2) survey the other brain areas (olfactory bulb and
cerchellumy that. although shielded from irradiation. are known to
contain granule cells mitotic at the time of radiation trestment. We
counted the total number of granule cells that could be visualized
in the single section of the dentate gyrus used in this analysis. Cell
counts were accomplished under 250 > total magnification by a
single observer. Nuclear cell counts were used in order to avoid
the error caused by double or triple nucleoli. The size. evtoplasmic
staining and nuclear structure of granule cells usually makes them
distinguishable trom glial cells (3.33), However. the possibility
cannot be ruled out that some of the astroglial cells may have also
been counted. The impact of this possible error is reduced by the
fact that the number of ghial cells in the fascia dentata is extremely
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low (22). In addition. after neonatal irradiations similar to those
described here. Bayer and Altman (4) reported that the granule cell
population remains significantly reduced into adulthood while the
glia show an initial reduction in number followed by a complete
regeneration to normal levels within 60--90 days (5). Thus our cell
counts in the fascia dentata of the [-vear-old adult rat would
presumably not retlect a radiation-induced alteration in glial
population. Using an imaging system (Bioguant System 1V, R and
M Biometrics. Inc.. Nashville. TN) we also derived the area of the
dentate gyrus. computed the cellutar density of the structure and
the thickness of the granule cell laver. In order to confirm that the
shielding of other brain areas was sutficient, we also counted
granule cells in a 0.003 mm” area in the cerebellum and offactory
bulb. Further. we evaluated the sparing ot other more mature. and
therefore less radiosensitive. hippocampal structures by counting
the thickness of the CA 1 pyramidal cell layer that was dorsal to the
dentate and directly in the path of the X radiation.

Using irradiation procedures simifar to ours, Baver and Peters
(71 have previously determined that X irradiation destroys approx-
imately 85% of the granule cells in the dentate gyvrus of the
hippocampus. This procedure spares 1) hippocampal pyranudal
cells and adjacent brain nuclei (e.g.. caudate) ir the path of the
X-rays and 2) shielded neurons anterior and posterior to the
hippocampus (6.26). A foreshortening of cranial bone growth (28)
and secondary brain changes in reaction to granule cell hypoplasia
(40—-2) may explain the slight shortening of hippocampus (2.6)
and other brain structures (26) that have been previously reported.

Statistical Analvses

The effects of ecarly radiation exposure on our behavioral
parameters were evaluated through the use of analyses of covari-
ance (ANCOVAs) with ““subject age™ as the covariate and ““test
series”" (initial test and retests 2 and 3) as a within-subjects
repeated measure. In one analysis of locomotor activity body
weight was used as a covariate instead of “‘age.”” Initially. these
analyses also included **surgery™ as a factor in order to determine
it the mild surgical treatment received by some of the subjects (see
the Method section) significantly intfluenced the behavioral mea-
sures. Since no effect of surgery was revealed by these analyses.
this factor was dropped in subsequent treatments of the data and
the surgical groups were combined. Our analyses were conducted
using the logarithms of the data in order to meet the ANCOVA
assumptions of homogeneity of variance and normality of distri-
bution (39).

In the analyses of the rotation data. the mean turmning bout
length for cach of the 6 daily test sessions was computed by
dividing the total quarter turns in the dominant direction by the
number of bouts of quarter turns (without reversal of direction) in
that session. Statistical comparisons were computed using each
rat’s average bout length score. This was the mean of the daily
bout lengths for the 6 sessions in the test series.

RESULTS

In general, the data reveal that carly radiation-induced granule
cell hypoplasia of the fascia dentata causes 1) perseverative
turning in a bowl apparatus (long tuming bouts in the same
direction. without reversals). 2y locomotor hyperactivity. and )
deficits in the acquisition of a passive avoidance task. These
behavioral changes were identified 1in young rats during the firs
performance ftests but changed over time. Radution-induced
perseverative turning became more intense through the course of
the experiment while passive avowdance acquisition improsed.
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TABLE 2

HISTOLOGICAL DATA DERIVED FROM ANALYSIS OF SAGITTAL
SECTIONS OF RAT HIPPOCAMPU'S

Anatomical Irradiated Sham-Irradiated Goof

Parameter (N =20) (N =20) Control

Number of Dentate 177.7 9.3y 1771.5 (90.7) 106
Granule Celis

Dentate Arca {sq nmun) 0.5 (0.02) 2.210.1% 244

Density of Dentate 9.1 (28.y- K24.2 (69.9) 424G
Granule Cells [sq mm]

Thickness* of Dentate 3.4 10 2y 9.3 (0.4 36%
Granufe Cell Layer

Thickness™ of CAl 2.6 (.1 2.7 h 96y

Pyramidal Cel} Layer

*Significantly ditferent 17-testsy from sham-irradiated. p< 0.001; Num-
bers are means and (in parentheses) SEMs.
*Number of cefls.

Spontaneous locomotor hyperactivity was progressively reduced
as subjects matured,

Histology

Exposure of a portion of the neonatal cerebral hemispheres to
early. fractionated doses of ionizing radiation produced a selective
reduction of granule cells of the hippocampal dentate gyrus while
sparing other brain areas. Specificafly. exposure of the neonatal rat
hippocampus to ionizing radiation produced a significant, #(28)=
17.5. p<<0.001. depletion of dentate granule cells (see Table 2).
Similarly. both the areas and the granule cell densities of the
irradiated dentate gyvri were significantly reduced compared to
those of the control rats, 128)=11.4, p<0.001. and. 1(28)=6.3,
p<0.001. respectively. The specificity of this damage is illus-
trated by the sparing of the pyramidal CAl neurons that were

15+
Mean
Bout 10
Length
(Quarter
Turns)
0 1 1 1

3R9

directly in the path of the X-rays. Irradiation produced no
significant change in the thickness of the CAT pyramidal cell
layer. yet the thickness of the dentate granule cell laver was
significantly reduced. n(28)=15.4, p<:0.001.

The granule cell populations (i.e.. number of cells/unit areas of
the olfactory bulb and the cerebellum were not significantly altered
by the irradiation. Correlations were not statistically significant
between granule cell densities in the dentate gyvrus and those in the
cerebellum or olfactory bulb. However. the granule cell densities
of the cerebellum and olfactory bulb (both shielded from radiation
exposure} were significantly  correlated. r(18)= 58, p~.0.01].
These data suggest that the shielding of the olfactory bulb and
cerebellum during the irradiation treatment was effective.

We also calculated correlations between apatomical data and
the results of the behavioral tests of the third test series (i.e.. those
conducted just before the animal was sacrificed). Statistically
significant negative correlations existed between. for example. the
number of cells in the irradiated dentate gyrus and the length of the
turning bout in the bowl apparatus. r(18) = —0.48. p<<0.0S.
Similarly. the area of the dentate gyrus of irradiated rats was
negatively correlated with horizontal activity counts. r(181=
=044, p<0.05. and measui o~ of locomotor stereatypy. (281 =
—0.39, p<20.05. These data suggest that radiation-induced damage
to the granule cells of the dentate gyrus predict locomotor
hyperactivity and perseverative tuming in a plastic hemisphere.
We did not find similar correlations between our behavioral
parameters and anatomical measures derived from the cerebellum
or olfactory bulb.

Spontaneous Rotation

Radiation-induced hippocampal damage caused rats to make
long bouts of turns in a plastic hemisphere without reversal of
direction (see Fig. 2). Once they began moving in either direction,
irradiated rats perseverated in that turning to an extent significantly
greater than the sham-irradiated subjects, F(1.39)=17.09.
P<0.001].

The ANCOVA also revealed that there was a statistically
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FIG. 2. Mean tming bout lengths (without reversalsy in the dominant direction ot
mosement for arradiated and sham-rradiated rats during cach of 3 behavioral tesis
Irradiated rats with fascia dentata damage show perseverative sponiancous turming that
becomes progressively worse throughout the course ot the expenment Lines are it using
the least squares method (391 Vertical bars represent the SEMs. *Different from

sham-iradiated controls po 0.08
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FIG 3. Mean number of trials to achieve enterion (stasing i the sate area tor at least
120 secondsy on the passive avordance tash dunng cach of the 3 behavioral est series
Irradhated rats with fusc dentata damage take Jonger 1o lean this tash than do
sham-irradiated controls, Lines are fit using the least squares method 39 Vertical bars
represent the SEMs. ~Ditferent from sham-rraditted controls p- 0,08

significant interaction between the effect of the radiation treatment
and the test series. F(2.791 =417, p=0.01. These data suggest
that. during the course of the experiment. perseverative turning
became progressively more pronounced in irradiated animals than
it did in controls. -Tests comparing irradiated and sham-irradiated
subjects at each test series confirmed this tinding [Test series b
H79)=2.99.p- 0.01: Testseries 201079y = =572 p- 0.001: Test
series 3 (79 = —7.02, p-- 0.001],

The total number of quarter turns is i reflection of spontancous
actisity that took place in the bowl apparatus. There was no
difference between the total quarter turns exhibited by irradiated
and sham-irradiated rats. Howeser. the ANCOVA did reveal a
signiticant decrease in this activity parameter as subjects matured
Jeffect of the covariate of ““age™: F(L.79 =694, p=0.01]. It is
of interest that. in mature adult ammals that move fess in the bow|
apparatus. perseserative spontancous turning becomes most prom-
inent. These data suggest that increases in spontaneous persever-
ative turning in older subjects 1s not merely an outcome ot
enhanced trequency of turns.

Passive Avoidance

Rats with radiation-induced damage to the fascra dentata took
more trials to learn the pissive invoidance tash. e o meet
criterion of staying on the sate side tor 120 seconds. Fo1.38) = 4.4,
£ =004, Irradiated rats took an average of 6.8 ¢ = 0.7, SEM) tnals
tover all test series) to meet this eriterion while sham-irradiated
rats learned the task inonly 4.4¢ = 0.3, SEM) tnals. Although the
ANCOVA revealed no effect of age. there was a tendency for the
data tmean trials to criterion) of the irradiated and sham-irradiated
subjects to converge during the final test series (see Figo 3,
During the first 2 behasioral tests irradiated rats took more tnals
than did the sham-irradiated rats to meet the performance coterion
[Test series I #39)=1.80, p- 0.05: Test series 20 139~ 2.72,
< 0.01]. During the final test series impaired reacquisition of the
passive avoidance tash was not observed in the rats with granule
cell hypoplasia.

Irradiated rats also spent less time on the safe side of the
passive avoidance chamber during the second tnal (the one
immediately following the first foot shock) on the test day.

FOLAR =53 p=0.03 Over all the test series. rats with radia-
tion-induced hippocampal damage had an aserage lateney o move
onto the shock grid of only TO.8 seconds « = 2.7 SENMy while
shame-irradiated rats wanted over twice as long (249 = 3.5 SEA L.
According to the ANCOVAL these ditferences between irradiated
and shamarradiated rats did not change sigmticantiy with ammal
age. As Figl 4 allustrates. however. the difference between the
latencies of arradiated and sham-ivadiated rats s most dramatic
during the first 2 behavioral tests [Test series 10 130y~ 191,
P 0050 Test senies 20 139y = 254, pr 0.0 Test senies 3 not a
significant difference between groups|.

Learning deficuts in irradiated rats with fascia dentata damage
seem to he specific o passive wvordance acquisition. These
amimals readidy Jearned o run to the adcent compartment tor
tood reward during the initial stages of traiming. Further. long-
term retention of the learned response ot runnimg tor tood reward
was iHustrated by the fewer and fewer tramimg trials required hy
the arradiated anmiads during the second and third behaviorad tewt
sertes. Thus,arradiated and sham-rradiated rats were simular in
therr learming and retention ot this skill of shuuling trom one
compartment of the box o another.

Spontaneous Locomaotion

Locomotor activaty parameters produced by radiation-imduced
hippocampal diamage were evident at the ume of the tist pertor-
mance tests but changed sigmificantly over time. Atter adjusting
tor test serres 1 the ANCOVA L subrect age seemed 1o attect all
locomotor parameters measured vertical activiy . Fo1.77) 0 626,
P 0018 stereotyps . FOLT70 - TR po 0.00020 and total dis-
tance traveled. Fo1770 0 200380 po 0.000 1, Changes i spontane-
ous focomotion were most evident in aging subjects wath radiation-
mduced bran damage while remaming farly stable over tme in
shamarradiated control rats (see Fig. 51 Radiation-induced changes
in locomotion were dependent on the test repheation within which
these measures were recorded [radiation treatment + test series
interactions: Fa2.771 - 36 1009, po 0032 00001 Subse-
guent r-tests revealed that meisures ol stereotvpy and  total
distance triveled were imtiadly higher i wradiated rats wath
hippocampal damage than in shamarradiated animads [stereoty py
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FIG. 4. Mean time (seconds) spent in the safe compartment of the passive avoudance
apparatus on test trial 2 (following the initial shock in the adjacent compartment).
Latencies are illustrated for each of the 3 test series. Irradiated rats with fascia dentata
damage more quickly re-enter the chamber in which they have just been shocked than do
sham-irradiated controls. Lines are fit using the least squares method (39). Vertical bars
represent the SEMs. *Different from sham-irradiated controls p<<0.05.

#H77)= —3.87. p<0.001: total distance: (77)= —3.41, p<0.01].
This hyperactivity diminished and. in some cases (e.g.. total
distance traveled) became depressed during subsequent testing
[Test series 3: #77)=2.96. p<0.01]. Similarly. vertical activity,
which was initially as prevalent in irradiated as in control animals,
was later significantly reduced in irradiated subjects [Test series 2:
n77)=2.91. p<0.01: Test series 3: 1(771=4.50. p<<0.001].
Throughout most of this experiment. weight gains were ob-
served both in control animals and (to a lesser extent) in irradiated
subjects (see Fig. 1 and “'Subject’” data in the Method section).
ANCOVAs used to determine the contribution of weight to the

decline of stereotypy and vertical activity revealed that body
weight was not a significant covariate. However. weight was a
significant covariate within an analysis of tutal distance traveled.
F(1.771=6.83. p=0.01. Although enhanced wcight may be
thought to explain the reductions of spontaneous locomotion
reported here. the variability of the effect of body weight on these
locomotor parameters suggests that weight may actually play a
more limited role in producing these behavioral declines. In this
study, age seems to be a more consistent covariate of locomotor
decline than is weight (see above). Further. the fact that locomo-
tion is reduced in predominantly the irradiated rats. (subjects that

250 35
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M
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FIG. S, Spontaneous locomotion of arradiated sats with fasaia dentata damage and therr

sham-mradiated controls duning 3 separate behavioral test senes. Means tor cach of the following
measures are illustrated. (A) Total distance traveled, (By Stercotypy . and (O Verncal activity
tsee text for defimtions of these parametersy. Lines are Hit using the feast squares method (39).
Vertical bars represent the SEMs *Different from sham-irradiated controls po 008
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wetgh less than shame-irradiated animalsy suggests that weight may
not he a significant predictor of Jocomotor hy poactivity in the
mature adult rats of this studs.

DISCTSSION

The data reported here suggest that behavioral decrements
following radiation-induced damage to the neonatal faseia dentata
are tash-specitic and dynamic. Behavioral deficits may become
MOTE ~\CVETE (2.8, SPORtancous  perseverative turning without
reversalst or less severe (e.g.. spontancous locomotor activity ) as
the brin-damaged rat is retested during maturation. The progres-
sive and task-dependant nature of these behaviorad alierations
highlights the need tor muluple behavioral assessments throughout
the development of the subject in order to fully characterize certain
neurotonic etfects.

The results of the studies reported here are. in many wass,
similar to those published by Brunner and collaborators 19.10).
Despite the use of different experimental designs, behavioral
technigues and apparatus, both of our laboratories describe a
dechine in spontaneous locomotion in maturing rats with radiation-
induced damage to the hippocampal granule cells. This effect was
marked compared to the relatively stable activity of sham-irradi-
ated rats.

Brunner t10) ulso reported either 1) " persistent”” deficits in the
spontaneous alternation tn a T mazer of 6-month-old rats that
were irradiated as neonates. or 21 a continuing “deterioration”” in
the spontancous alternation of slightly older irradiated subjects
(6-8 monthsy (9. In an unportant way the bowl apparatus. in
which our rats spontancousty wrned. i~ like a T maze. In the T
maze there v one chowe pomt. while the bow] gives a circular
continuum of choice points. In a T maze a spontaneously alter-
nating rat reverses direcaon on each discrete trial. In the bowl
there is no discrete choice point. When a rat has made a tull circle
in the plastic hemisphere it begins to retrace the path most recently
traversed. This presents an opportunity to either continue or
reverse directiion. The mean turning bout length is essentialiy a
meusure of alternation frequency corrected for the total number of
quarter turns made. Theretfore mean bout length may be consid-
ered a continuous (nondiscrete-trial) measure of  spontaneous
alternation. During the firse behavtoral test series sham-irradiated
rats tended to stop and reverse direction after making almost a full
circle tmean of 2.6 quarter turns) while rats with damage o
hippocampal dentate granule cells continued beyond this point (o
amean of 5.9 quarter terns) betore reversing direction. Our mature
rats were (on average) 4 months older than Brunner and Altman’s
195 oldest subject and theretore a further ““deterioration” of
spontaneous alternation might be expected. Indeed. our nuture
adult animals showed a clear lengthening of their mean circling
bout and made over 10 guarter turns hefore alternating their
direction of movement. When these data are takhen in conjunction
with those of Brunner ¢ 101 twho used a design that did not call for
repetitive testingr we may conclude that maturation plays a
dominant role in producing enhanced perseverative responding in
mature rats with fascia dentata damage.

Because our rats were irradiated sham-irradiated as neonates
and then tested 3 times on 3 different behavioral measures. they
received a significant amount of handhing. In fact. the subjects
quickly became quite tame and remained so throughout the
experiment. Others have reported that neonatal handling can
prevent behavioral deficits and hippocampal damage normally
seen in aged animals (25). Further. Tilson and collaborators (34)
suggest that handling can climinate the rat hy permobility normally
observed after colchicine-induced damage to the adult dentate
gyrus. These behavioral effects of handling were observed in spite

MICKLEY ET AL.

of significant decreases in both granule cell number and volume of
hippocampal mossy fibers. Here we repont that 1) the initial
horizontal locomotor hyperactivity of our mature irradiated han-
dled rats decreased to a level similar to. or below . that of the
controls talso handledy. and 2y handled animals with neonautally
damaged hippocampi exhibited several behavioral deficits some of
which (e.g.. perseverative turning) become potentiated in the
mature adult. These data may suggest some task-specitic relation-
ship between handling. carly hippocampal damage and matura-
tional effects that requires further study .

The neuronal substrate of the progressive behavioral changes
thiat we report remains obscure. The mean percent reduction m the
number ot hippocampal granule cells in our rats as compared to
controls) was 90 when the subjects were sacrificed at over | vear
of age. This damage was roughly comparable o the radiation-
induced hy poplasia previousiy reported in rats 30-1235 duvs old
16,145 Thus the percentage ot cells remawning in the damaged
dentate gyrus after radiation exposure i~ quite stuble over ume and
does not change in synchrony with our behavioral alteranons. We
Kknow . however. that the total number of granule cells in the rat
dentate gyrus is not static even in the adult. Baver (81 has reported
a 3543 Jinear increase in the number of dentate granule cells
between 1 month and | year. Others have observed sigmiticant
changes in the mature hippocampus that they attribute to the
development of axons and dendrites (121 or astro gha 24y ruther
than perikarya. Perhaps most relevant to the present study are the
findings of Zimmer and his colleagues (40421 who have shown
that the brain may compensate for carly radiation-induced damage
to the hippocampal granuote cells by stimulating dendritic growth.
Their results demonstrate that a reduction of & specific neuronal
population can induce: 1) a compensatory increase in the neuropl
lavers containing the dendrites of the remaining neurons, 21 a
corresponding relative increase in their axonal projections. and 3y
a shift and expansion of afferent projechons to an adpcent
neuronal population. Thus. although our hippocampal radiation
produces damage specitic to the granule cells. subsequent brain
changes. in reaction to this intial damage. may produce more
pervasive changes in neuroanatomy. These. or other changes in
neuroanatoms ‘neurophy siology mas contribute to the progressive
behavioral changes that we observed in mature adult rats that were
partially head rradiated as neonates.

Our longitudinal experiments have followed changes in the
behavioral responses of rats with carly radiation-induced hypopla-
sta of the dentate gyrus granule cells. Behaviors observed a year or
more after the carly brain damage are. m many wavs, Qitferent
from the acute bohavioral response. These progressive behavioral
changes may be mediated by normal deselopmental processes, the
brain’s natural compensatory reactions o carly damage. expen-
mental vanables te.g.. handling) or other mechanisms that have
ver to be fully elucidated.
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IXTY MALE WHITE Carneau pi-
geons, 6 to 12 months old,
were procured from a repu-

table supplier for subsequent use in
behavioral studies. Upon receipt, the
pigeons were housed individually in
stainless steel cages and acclimated to
the animal room environment for a
period of 3 weeks. During this time
the pigeons were provided grit,
mixed grains, and water ad libitum.

Dr Noid is Chief of the Pathology Divi-
sion. Mr. Weichbrod is Chief of the
Animal Husbandry Division, and Dr.
Alderks is an experimental behavior-
ist. all at the Armed Forces Radiobio-
logy Research Institute. Bethesda.
MD 20814-5145. Rerrint requests
should be sent directly to Mr. Weich-
brod.

Supported by the Armed Forces
Radiobiology Research Institute, De-
fense Nuclear Agency. Views pre-
sented in this paper are those of the
authors: no endorsement by the De-
fense Nuclear Agency has been given
or should be inferred Research was
conducted according to the principles
enunciated in the "Guide for the Care
and Use of Laboratory Animals” pre-
pared by the Institute of Laboratory
Animal Resources. National Research
Council

By

The animal room was monitored at
least twice daily and kept at 70°+2° F
temperature and 50%35% humidity.
There were between 10 and 15 com-
plete room air changes per hour. Fol-
lowing the acclimation period, the pi-
geons were maintained at specified
weights (70%, 80%, or 100% of free-
feeding weight) through individual-
ized feeding of mixed grain. Water
and grit were continued ad libitum.
The animals were then started on be-
havioral training protocols.

Clinically and behaviorally the pi-
geon colony remained healthy. Pi-
geons were periodically submitted to
necropsy according to protocol or at
the termination of experiments. Most
observed lesions were attributable to
specific experimental manipulation.
However, about 30 to 35% of all the
pigeons (both control and treated),
demonstrated a similar, distinctive
gross necropsy finding: The serosal
surface of the proventriculus con-
tained multiple slightly raised black
nodules of 1 to 2 mm in diameter (see
Figure 1). The degree of involvement
ranged from a half dozen nodules to
total coverage of the organ. The mu-
cosal surface was thickened and con-
tained multiple .5 mm craterform
structures with central open pores.
On cut section the mucosa contained

Stomach Nodules in Pigeons

James B. Noid, DVM, PhD, Robert H. Weichbrod, BS, LATG, and Cathie E. Alderks, PhD

Figure 1. Proventriculus, gizzard, and duode-
num showing muiltiple 1 to 2 mm dark nodules
in the wall of the proventriculus.

Figure 2. Proventniculus showing craterform
thickening of the mucosa and cross sections
of black nodules in the wall.

multiple round to oval cystic spaces
filled with a black granular material,
which, if squeezed, popped out, leav-
ing a clear, mucus-filled space (see
Figure 2). Tissue samples were taken
for histology.

What's your diagnosis? How com-
mon is this problem? Why are there
no clinical symptoms? Can it be
treated?
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WHAT'S YOUR DIAGNOSIS?

HE BLACK TO DARK RED ncules
Tembedded in the mucosa of the
proventriculus were gravid female ne-
matode parasites. Tetrameres sp. The
histologic cross sections of the pro-
ventriculus demonstrated multiple di-
lated gastric glands containing large,
globular parasites (see Figure 3). One
gravid female usually occupied each
gland unless a much smaller male
parasite was also present (see Figures
3 and 4). The female parasite is com-
posed predominantly of uteri contain-
ing numerous thick-shelled embryon-
ated and unembryonated eggs and an
intestinal tract lined by uninucleated,
cuboidal, epithelial cells with micro-
villi. Tetrameres sp. have a thick cuti-
cle with bilateral alae, often promi-
nent lateral cords, and coelomyarian-
polymyarian musculature (I). (Body
wall structure of the parasite is more
easily characterized in the male than
in the expanded gravid female.)

Histopathological changes in the
mucosa were mild. They included
compression and flattening of the se-
cretory epithelium in affected glands
and a multifocal, mild, interstitial infil-
trate of lymphocytes and plasma
cells. Preexisting lymphoid nodules
within the mucosa often appeared en-
larged with increased numbers of sur-
rounding plasma cells. Although the
affected pigeons in this report were

12

DIAGNOSIS: Tetrameriasis

Figure 3. Cross section of two nodules, show-
ing egg-filled globular female Tetrameres
within dilated gastric glands. Arrow points to
male parasite. Photo key—M: mucosal sur-
face. S: serosal surface. I: intestines. E: eggs in
various stages of maturation within convo-
luted uteri (32X original magnification).

S aWase: | ¥

Figure 4. Higher magnification of Figure 3,

; kip” 0o
o Tt - -y
,..»'l.g’ A ;',‘

showing small male Jfetrameres adjacent to
portion of gravid female. Note distinct lateral
alae and thick cuticle of male (solid arrow). and
lymphocytic infiltrates in lamina propria of pro-
ventricutar mucosa (open arrow). Photo
key—M: mucosal glands. L: lateral cord ingra-
vid temale. E: eggs in vanous stages of matu-
ration within convoluted uten (175X original
magnification)

asymptomatic, previous reports of te-
trameriasis in pigeons have described
clinical illness in some birds (2-4). Af-
fected birds may show weight loss,
anemia, and generalized weakness,
especially after flight. Some birds
may also develop diarrhea. Oral treat-
ment with levamisole at 33 mg/kg
has been the recommended method
for controlling the infestation (2).
Tetrameres sp. are spirurid nema-
todes in the order Spiruridae and su-
border Spirurina. Tetrameres ameri

cana and T. columbicola are the
species most described in pigeons
(2-4). These spirurids have an indirect
life cycle and require an intermediate
host (5), such as grasshoppers, sow-
bugs, cockroaches, pillbugs, and
earthworms. Thus, control of these
vectors may help reduce the inci-
dence of infestation. (]
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nosis?" by readers of LAB ANIMAL
are welcomed. Selections will be
made on the basis of relevancy and
interest to readers. Submission of
black and white illustrations or photos
is encouraged. Please address contri-
butions to Thomas M. Donnelly, LAB
ANIMAL, 65 Bleecker St., New York,
NY 10012.
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Rain, BoMOHENT, WAL aNp Jost PR AL AR Assessment of the Behavioral Toverty of
High-Energs Tron Partcles Compared 1o Other Qualities of Radation. Radiar Rev 19, 1 -
122(1989).

Conditioned taste aversion was used 1o evaluate the behavioral tovcity of exposure to high-
energy ron particles (C"Feo 600 MeV/amu) in comparison 1o that of gamma photons (“'Co).
high-energy electrons, or fission neutrons. Fxposure to gh-energy iron particles (5300 ¢Gy)
produced a dose-dependent taste aversion with a maximal ettect achies ed with a dose of 30 ¢y,
Gamma photons and clectrons were the least etfective stimuli tor producing a conditoned taste
aversion, with a mavimal aversion obtained only after exposure 1o SO0 Gy, while the etfectinve-
ness of fisston neutrons was intermediate to that of photons and iron particles. and a mauamat
asersion was oblained with a dose of 100 ¢Gy In the second experiment. rats with lesions of the
area postrema were exposed to iron particles (30 ¢Gy), buat faded 1 acquire a taste asersion. The
results indicate that( 1) ligh-energy iron particles are more toaie than other quahties of radiation
and (2)y simtlar mechanisms mediate the behavioral toacits ol gamma photons and high-energy
ron particles. o poxy Acadenie Press ng

INTRODUICTION

As manned exploration of the solar system increases 1in the coming decades. astro-
nauts will be leaving the protection provided by the carth’s magnetic ficld. As a resalt.
they will be exposed to radiation qualities and doses that will ditler significantls from
those experienced in carth orbit, largely from intergalactic cosmic rays. Intergalactic
cosmice ravs are composed of protons, alpha particles, and heavy particles with high
encrgy and charge (HZE), The toxie ettects of such exposures, particularly nausea
and emesis, may interfere with the abihity of astronauts to successtutly complete therr
assigned mussions, Protection against the ctiects of these exposures will require an
understanding of the toxicity of high-energy particles and their relanonship to the
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toxicity of other gualities of radiation and of the mechanisms by which such expo-
sures can produce cffects on behavior.

Although there has not been much research evaluating the effects of different quali-
ties of radiation on behavioral tasks, the rescarch that is available suggests that the
toxic effects of exposure may be specific to the quality of the radiation (7, 2). As
such. in the absence of specific data, attempts to generalize to the behavioral etfects of
radiation qualities that may be encountered in space based upon the effects produced
by other qualities of radiation may not provide an accurate guide to the potential
effeets of such exposures. 1t may not be possible. therefore, to predict the effects of
exposure to high-energy particles on behavior based upon rescarch using other quali-
tics of radiation. The present experiments were designed specifically to provide an
initial assessment of the behavioral toxicity of high-energy iron particles in relation to
other qualities of radiation and of the mechanisms by which they can atfect behavior,

The behavioral task utilized for these experiments was the conditioned taste aver-
sion. A conditioned taste aversion is acquired when a normally preferred novel tast-
ing saccharin or sucrose solution is paired with a toxic unconditioned stimutus. such
as lithium chloride or gamma or X radiation. such that the organism will avoid inges-
tion of that solution at a subscquent presentation. This avoidance behavior is typi-
cally acquired 1n a single pairing of the solution and toxin and mav be observed at
dose (or exposure) levels that produce no obvious signs of illness in the organism (3).
Conditioned taste aversion is functionally related to emesis in that both responses
serve o limit the intake and/or absorption of toxic substances (4. 5). As such the
conditioned taste aversion is a standard paradigm for assessing the potential toxicity
of a wide range of stimuli (6).

FXPERIMENT |

The first experiment was designed to establish the dose-response refationships be-
tween exposure to high-energy ““Fe particles and the acquisition of a conditioned
taste aversion in comparison to exposure to other qualities of radiation.

Vethods

T'he subjects were 248 male CrECD BR OV A /Plus rats (Rattis Nonvewron woghimg %9 400 g at the
start of the expenment. Rats were quarantined on arnval and screened tor evidence of disease betore being
released from guaranune. They were mamtamed m AAE AC aceredited facility an plastic Mictonolator
cages on hardwoad chip cantact beddimg and provided commerciat rodent chow and acrditied water Ani-
mal holding rooms were mamntoned at 21 ¢ 1°C with S0« 1 relative humadity using at least 10wt
changes per hour of 1007 condiioned fresh e The rats were mauntianed ona 1 2-h ght dark tull spectium
Iighting cvele with no twilight,

Procedure

Fhe behaviuzal procedures have been detnled previoush 73 Briefhv, all rats were adapted to a water
depnvation schedule for S-7 dava. durmg which they recerved water for 30 min cach dayv On the condition.
ing day. the rats were presented with a single cahibrated dinking tube which contamed a 107 sucrose
solution in place of the water. and the intake was recorded. Immediately following the drimking period. the
experimental animals were irradiated with one of the four qualities of radiation The controb animals were
taken to the radiation source. but not exposed. to provide controls for the handhing required to bring the
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FiG. 1. Test day sucrose intake following exposure to gamma photons (*’Co). fission neutrons (n°), high-
energy electrons (¢ ). or iron particles (*°Fe). Error bars indicate the standard error of the mean.

animals to the various sources. On the test day. 24 h later. the rats were again presented with the single
drinking tube containing the 107 sucrose solution. and their intake was measured. Statistical analysis of
the data was done using two-way analyses of vanance.

Irradiation with heavy particles was done using the BEVALAC at the Lawrence Berkeley Laboratory
(LBL). Groups of rats (9-12/group) were exposed to doses of 5. 10, 20. 30. 40. 50. 100. or 500 cGy of “*Fe
particles at an average dosc rate of 10-50 cGy/min. The energy of the particles was 600 MeV/amu 10 take
advantage of the plateau of the Bragg curve. Dosimetry was provided by the staff of the BEVALAC facility
using standard procedures that have been described previously (8. 9).

All other irradiations were done using the sources at the Armed Forces Radiobiology Research Institute.
Irradiation with fission neutrons was performed using the TRIGA reactor, which was set to deliver a neu-
tron:;gamma ratio of 20:1. The tested doses were 5. 10, 20, 30. 40, 50. or 100 c¢Gy delivered at a dose rate
of § ¢cGy/min. Exposure 1o electrons was performed using a linear accelerator which provided 4-us pulses
(15 pulses/s) of 18.5 MeV electrons. Gamma irradiation was provided by a “'Co source. For both electron
and gamma irradiation. the tested doses were 10, 50, 100, or 500 ¢Gy. at a dose rate of 130 ¢Gy/min for
clectrons and 40 ¢Gy/min for gamma rays. Radiation dosimetry was performed using paired S0-ml ion
chambers. Dose was calculated using a tissue-equivalent ion chamber placed inside an acnvlic rat phantom
and expressed as the ratio of the dose measured in the phantom to that measured free inairi °).

Results

The results are summarized in Fig. 1. which presents actual test day sucrose intake.
and Fig. 2. which presents test day sucrose intake as the percentage of conditioning
day intake. These figures show that the acquisition of a conditioned taste aversion
following irradiation is a function of both the quality and the dose of the radiation.
Both the threshold dose and the slope of the dose-response curve vary as a function
of the quali*v of radiation.

Statistical comparisons indicated that the effects of exposure to "'Co photons on the
acquisition of a conditioned taste aversion were identical to those obtained following
exposure 10 high-energy electrons. There were no differences in cither the threshold
at which a significant response was first obscrved. 50 ¢Gy., or the dose at which the
maximum taste aversion was observed.

In contrast. the behavior of both the gamma- and clectron-irradiated animals
differed from those exposed to fission neutrons. The threshold for observing a condi-
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tioned taste aversion between 10 and 20 ¢Gy was considerably lower than that follow-
ing exposure to gamma photons and electrons. In addition. as shown by the signifi-
cant quahity-byv-dose interaction (F(3.61) = 5.57. P < 0.01). the dose-response curve
tollowing exposure Lo fission neutrons was steeper than that obtained with these other
two qualities of radiation.

The ettects of exposure 1o high-energy iron particles on the acquisition of a condi-
tioned taste aversion were, in turn. significantly greater than those observed following
exposure 1o fission neutrons (F(1.134) = 15.59. P < 0.001). Although the threshold
at which a taste aversion was first observed was similar. exposure to 20 ¢Gy produced
a much greater avordance of the sucrose following exposure to the iron particles than
following cxposure to neutrons. In addition. a nearly total avoidance of the condi-
tioned stimulus was observed following exposure to only 30-40 ¢Gy of high-energy
iron particles which showed no further changes despite increasing the dose 10 500
¢Gy. In contrast. exposure 1o ncutrons did not produce an equivalent ceffect unul a
dose of 100 ¢Gy had been utilized. The significant quality-by-dose interaction
(F(7.143) - 2.52. P < 0.05) confirms that the pattern of responding as a function of
dose was not identical between the two groups. with the animals exposed to “Fe
showing a maximal aversion at a much lower dose than the animals exposed to the
fission neutrons.

Discussion

These results indicate that different qualities of radiation differ in terms of thetr
capactty 1o lead to the acquisition of a conditioned taste aversion. Since the taste
aversion i1s a measure of the toxicity of a stimulus (0). the results show that these
different qualitics of radiation differ in terms of their toxic effect on behavior, At the
lowest level of toxicity are electrons and gamma photons which show identical pro-
files in terms of their capacity 1o induce a conditioned taste aversion. The most toxic
radiation stimulus 1s produced by exposure to high-cnergy iron particles. which
showed the lowest threshold and steepest dose-response curve. Fxposure to fission
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neutrons produced intermediate levels of toxicity. both in terms of thresholds and in
terms of the slope of the dose-response curve,

Previous research on a variety of physiological endpoints indicates that the relative
biological effectiveness for lethality of neutron irradiation is greater than that of
gamma photons (/0. /7). Similarly. studies looking at physiological and morphologi-
cal endpoints of exposure to “*Fe suggest that exposure to these high-energy particles
produces more damage than exposure to equivalent doses of lower linear energy
transfer (LET) radiation (/2-74). The present results are therefore consistent with
these previous studies in showing increasing eftects of irradiation on the acquisition
of conditioned taste aversion with increasing LE 1.

Although there are fewer studies available examining the effects of variations in
radiation quality on behavioral performance, these studies also indicate that the effect
of irradiation on behavior may vary as a function of the quality of the radiation. Thus
it has been reported that the frequency of vomiting is greater following exposure to a
radiation held containing a higher proportion of fission neutrons to gamma photons
(15). Similarly. studies of maze learning following irradiation of the hippocampus
with “*Fe particles showed deficits in performance following exposure to doses of 50
¢Gyv (76). In contrast. using a different behavioral task. the accelerod which measures
a motor performance decrement following high-dose irradiation. exposure to a given
dose of fission neutrons or gamma photons produces the smallest decrease in perfor-
mance while exposure to clectrons causes the greatest decrement (2). The present
results, showing that neutron irradiation has a greater effect on the acquisition of a
conditioned taste aversion than does gamma irradiation. are consistent with the data
on emesis following irradiation. This agreement between the data for taste aversion
and emesis mayv be a reflection of the fact that taste aversion. unlike the accelerod
which measured motor activity. is a behavioral measure of stimulus toxicity which is
functionally related to emesis (5). Similarly. the present data concerning the toxicity
of ““Fe particles are consistent with the observations of **Fe-induced deficits in maze
learning by showing that exposure to low doses of high-energy particles can produce
severe effects on behavior (76). These data therefore suggest that the effects of radia-
tion on behavior are a function of both the quality of the radiation and of the nature
of the behavioral task.

EXPERIMENT 2

The finding that exposure to “"Fe produces a conditioned taste aversion at lower
doses and with a significantly steeper dose-response curve than the other qualities of
radiation raises the question of whether this represents quantitative differences be-
tween the different radiation qualities. or whether it reflects the operation of funda-
mentally different mechanisms leading to changes in behavior.

Studies with gamma photons have shown that conditioned taste aversion following
exposure to "'Co requires the mediation of the arca postrema (7 7, /8), the brainstem
chemoreceptive trigger zone for emesis (/9). This inding has been interpreted as
indicating that the acquisition of a conditioned taste aversion tollowing exposure to
gamma radiation is a penipheral effect of the exposure: that irradiation causes the
release of some humoral factor which circulates in the blood and/or cerebrospinal
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fluid affecting area postrema activity which. in turn, leads to the behavioral response
(5). In contrast, most research on the mechanisms by which exposure to high-cnergy
particles affect the organism has focused on the concept of a “*microlesion™ (20, 21).
This is the concept that irradiation with these particles produces a series of discrete
microscopic tracks or “lesions’ in the tissue, which are responsible for both the mor-
phological and behavioral effects of exposure. Since head-only exposure to higher
dose gamma photons (300 ¢Gy) can produce a conditioned taste aversion which is
partially independent of the area postrema (22). there is the possibility that the taste
aversion seen following exposure to **Fe particles may result from direct effects
on neural tissue and not from the release of a humoral mediator. as with gamma
photons.

The present experiment was designed to evaluate the role of the arca postrema in
the acquisition of a conditioned taste aversion following exposure to high-energy iron
particles to determine whether or not mechanisms similar to those observed with
gamma irradiation are involved in its acquisition.

Procedure

The subjects were S7 male albino rats weighing 250-275 g at the time of surgery. Histologically verified
lesions were made in the arca postrema of 37 rats at AFRRI using techniques that have been detailed
previously (/7). Briefly, the rats were anesthetized with pentobarbital sodium (35 mg/kg. ip). the brainstem
was exposed. and the area postrema was cautenized under direct visual control. The wound was closed and
the animals were given a prophylactic injection of Bicillin (100.000 units). The 20 sham-operated controls
were treated identically, except that the area postrema was not cautenized. The animals were then allowed
a recovery penod of 3-4 weeks before being shipped to the LBL for the remainder of the experiment.

The behavioral procedures were begun 2 weeks after the animals were shipped to 1.BL. and were identical
to those detailed above, except that only a single dose of iron particles was utitized. The rats with area
postrema lesions and the sham-operated controls were each divided into two groups. The experimental
subjects were 21 rats with area postrema lesions and [0 sham-operated controls which were exposed to 30
<Gy *"Fe particles at a nominal dose rate of 10 ¢Gy/min. Sixteen rats with area postrema lesions and 10
sham-operated rats were treated identically, except that they were not exposed in order to serve as controls
for the shipping and handling procedures.

At the conclusion of the experiment, all rats were sacrificed with an overdose of pentobarbital (50 mg),
perfused with isotonic saline and 10% formalin saline. and the brains were removed for histological exami-
nation. Frozen sections were cut through the brainstem at the level of the area postrema at 50 gm and
stained with thionin. Sample photomicrographs of the area postrema and a representative lesion are pre-
sented in Fig. 3.

Results

As shown in Fig. 4, lesions of the arca postrema completely disrupted the acquisi-
tion of a conditioned taste aversion following exposure 1o high-energy iron particles,
In contrast to the area postrema-operated animals, the sham-operated controls
showed a significant reduction in test day sucrose intake (£(1.29) - 2287 P < 0.001).
There were no differences between the area postrema- and sham-operated groups
(F(1.24) - 1.14. P > 0.05) which served as shipping and handling controls and which
were not irradiated.

Histological examination of the brains of the rats indicated that, for the most part.
the lesions were restricted to the area of the arca postrema. although they did. in some
cases. infringe upon the dorsal parts of the nucleus of the solitary tract or dorsal motor
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F1G. 3. Sample photomicrographs showing the area postrema in an intact sham-operated control rat (A,
arrow) and a representative lesion (B).

nucleus. However, given destruction of the area postrema. there was no apparent
relationship between this additional tissue destruction and the lesion effects on the
acquisition of a conditioned taste aversion.

Discussion

The observation that lestons of the area postrema disrupt the acquisition or condi-
tioned taste aversion induced by **Fe indicates that the mechanisms by which expo-
sure to these high-energy particles exert their toxic effect on behavior are the same as
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FiG. 4. Effects of arca postrema lesions (AP) on the acquisition of a conditioned taste aversion tollowing
exposure 1o 30 cGy “Fe (Radiation) or control treatment,

those involved tn the acquisition of a conditioned taste aversion following exposure
to gamma photons. which also depends upon the integrity of the area postrema (/7.
18). These data therefore suggest that the differences in toxicity obtained in the first
experiment of this series are the result of quantitative and not qualitative differences
between these two forms of radiation: that *Fe is a much more potent toxin than is
*'Co. but that both produce their effects on behavior through the operation of similar
arca postrema-dependent mechanisms. While these data do not directly deal with the
microlesion concept. the observation that the conditioned taste aversion induced by
**Fe is also dependent upon the integrity of the area postrema would be consistent
with the hypothesis that this response, at this dose (30 ¢Gy). is a peripheral effect of
the exposure and does not result from the direct action of the particles on the central
nervous system. as has been reported for other behavioral effects of *Fe expo-
sure (/6).

GENERAL DISCUSSION

The present results support the general conclusion that these different radiation
qualities differ in terms of behavioral toxicity: “Fe is the most toxic. followed by
fission neutrons. while “'Co and electrons produce the least toxic. but identical. effects
on behavior. The factors that might be responsible for this ranking are not completely
clear. While it might be possible that these behavioral differences reflect differential
damage to taste receptor units caused by the different qualities of radiation, resulting
in a differential responsiveness to the sucrose conditioned stimulus, this does not
seem likely because exposure to gamma photons and cvclotron fast neutrons produce
equivalent changes in taste acuity and in detection and recognition thresholds (23).
Another possioihiy s thai the toaicity of radiation may be related to LET. Since the
intensity of the taste aversion produced by the various qualities of radiation paralleled
the LET of those radiation qualities. it may be that the behavioral toxicity of the
different radiation qualities depends upon their LET. However. the basis for these
differences in behavioral toxicity must await further rescarch utilizing other high-
energy heavy particles. Nonetheless, these data. in combination with previous re-
search about the effects of different qualities of radiation. clearly suggest that the
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effects of exposure on behavior are a joint function of both the specific quality of the
radiation and the specific nature of the behavioral task. As a result, our ability to
generalize about the potential effects of exposure to one radiation quality based upon
data from another and from one endpoint to another may be very limited.

With regard to the specific effects of exposure to high-energy heavy particles on
behavior. the present results are consistent with the hypothesis that these differences
result from a greater effectiveness of these particles in producing the toxic reactions
measured by conditioned taste aversion. These results are, in general. consistent with
other research using a variety of physiological and behavioral endpoints: this indi-
cates the significantly greater “elative biological effectiveness of exposure to high-en-
ergy heavy particles (13, 16).

Although this research presents only an initial assessment of the behavioral toxicity
of exposure to heavy particles, it does have some implications for manned flights
outside the magnetic field of the earth. The relative biological effectiveness of high-
energy iron particles is greater than that of gamma photons by a factor of ten. mean-
ing that behavioral effects can be observed following exposure to doses much less than
might be expected based upon the data derived from the use of gamma irradiation. As
such. these results suggest that estimates of mission failure due to exposure to heavy
particles may have to be revised upward.
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L-LEUCYL-L-LEUCINE METHYL ESTER TREATMENT OF
CANINE MARROW AND PERIPHERAL BLOOD CELLS

INHIBITION OF PROLIFERATIVE RESPONSES WITH MAINTENANCE OF THE CAPACITY FOR AUTOLOGOUS
MARROW ENGRAFTMENT'
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Incubation of canine marrow and peripheral blood
mononuclear cells with L-leucyl-L-leucine methy: ester
resulted in the inhibition of mitogen- and alloantigen-
induced blastogenesis, the elimination of allosensitized
CTL and NK activity, and prevented the development
of CTL from pCTL. The effects of these incubations were
similar to those described in mice and humans. Addi-
tionally, in vitro CFU-GM growth from treated canine
marrow w :s reduced, but could be regained when the
Leu-Leu-OMe-treated marrow was cocultured with
either untreated autologous peripheral blood mononu-
clear cells or monocyte-enriched PBMC but not with
untreated monocyte-depleted PBMC. Six of seven dogs
conditioned with 920 cGy total-body irradiation en-
grafted successfully after receiving autologous marrow
that was incubated with Leu-Leu-OMe prior to infusion.
These cumulative results indicate that incubation with
Leu-Leu-OMe is a feasible method to deplete canine
marrows of alloreactive and cytotoxic T cells prior to
transplantation.

The success of allogeneic marrow transplantation as treat-
ment for malignant ar.d nonmalignant hematopoietic diseases
has been restricted by the serinus complications of graft-+ ersus-
host disease (], 2). Experiments in a variety of mammalian
marrow transplant models have shown that removal of mature
T cells from donor marrow permits engraftment without the
development of GVHD (3-6). Based on these and similar
ohservations, studies have heen carried out to evaluate the
effects of T cell depletion prior to allogeuneic marrow transplan-
tation in humans. Most studies have emploved marrow treat-
ments with anti-T cell monoclona) antibodies plus complement
or with soybean agzlutinin followed by E rosette formation and
density gradient centrifugation (7-9). In general, removal of T
cells has been associated with a marked decrease in hoth the
incidence and severity of GVHD. However, the use of T cell -
depleted marrow has also been associated with an increased
incidence of marrov: graft rejection (10).
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Recently, Thiele and Lipsky have described a dipeptide
methyl ester, L-leucyl-L-leucine-methyl ester (Leu-Leu-OMe)*
that can eliminate natural killer cells (NK), monocyvtes (Ma),
and precursors of alloantigen-specific cytotoxic T cells (pCTL)
from mouse spleen cell suspensions and frcin both mouse and
hun.an peripheral blood. This treatment leaves intact B cells,
helper T cells, and murine ervthroid and hematopoietic stem
cells (17-14). In a murine histoincompatible marrow transplant
mode! (C5TBL/6J—(C57BL/6XDBA/21F,), treatment of donor
marrow and spleen cells with Leu-Leu-OMe resulted in suc-
cessful donor marrow engreftment and the development of
stable long-term hematopoietic chimerism without GVHD ( /4~
16). The use of Leu-Leu-OMe to treat marrow may have
advantages over currently used methods. The usc of Leu-Leu-
OMe is very simple, requiring but a single 15-min incubation.
In addition, it appears that marrow incubation with Leu-Leu-
OMe results in the elimination of the cells responsible for acute
GVHD while 1t the same time preserving hematopoietic stem
cells needed for engraftment and the cells required for immune
reconstitution (15, 16).

We and others have used dogs as a large, outbred animal
model for us in experimental marrow transplantation (17, [8).
The present studies were undertaken to determine whether the
incubation of canine marrow and peripheral blood cells with
Leu-Leu-OMe would vield alterations of in vitro cellv'ar im-
mune fu.action comparable to those described in human and
murine cells and to investigate the effects of marrow incubation
with Leu-Leu-OMe nn early hematopoietic progenitors and
stem cells assaved for both in vitro and in vive function.

MATERIALS AND METHODS

Dogs. Beagles, hounds, and mixed breed hounds. obtained trom
commercial vendors in Washington and Virginia or raised at the Fred
Hutchinson Cancer Research Center (FHCRC), were dewarmed and
vaccinated against distemper, hepatitis, leptospirosis, and parvovirus
before use in this study. All dogs were at least six months of age and
were maintained at the FHCRC canine kennel tacilities .er guidelines
stipulated by the National Academyv ot Sciences  National Research
Cauncil. The research protocol was approved by the Internal Animal
Care and Use Comnuttee at the Fred Hutchinson Cancer Rescearch
Center.

Medum Waymovrth’s MB7A2°1 medium (FHCRC media prepara
ton facilityv), suppletiented w0, 0 1 mM nonessentitl amino acids and
100 U m) penicilhin and 100 4 ml streptomvan all trom GIBCO),

* Ahbreviations. Leu Leu OMe. 1 leuev] L-leucine methy] ester.
Mo, monocvtes; B MLC bulk MLOCNWNA nvion wool nonadherent,
CFU .
serum; CTAC, camne thy rod adenocarcinoma cell hine

colony forming umit n culture, PEDS, postendatoxin dog

_




656

was used for the dilution of heparinized whole blood and marrow for
the cell separation procedures. Wavmouth's medium supplemented as
ahove with the addition of 1097 to 209 heat-inactivated (36 ) normal
pooled dog serum (M-NPS/10 209 was used for the mixed leukocvte
culture microassayvs, bulk MLC (B-MLC), cell mediated Ivmpholysis,
and NK assavs,

Cell preparation Penpheral blood mononuclear cells were obtained
by the centrifugation of heparinized venou  whole blood idiluted 1:2
with mediumy over Ficoll-Hypaque density gradients (Sp. densaity
1.0741 as previously described «79). Bone marrow cells (BMC tor in
vitro assavs were obtained by svrninge aspiration trom the humeral head
of an anesthetized dog. The marrow was dijuted 1:2 with medium and
overlaved onto Ficoll-Hvpaque density gradients too centritugation
(1000 x g, following which the interface celis were washed once with
hemolytic bufter and twice with medium. The PRMC and marrow cells
were resuspended into medium tor cell counts and viability assessment
using the trvpan-blue exclu<ion techmque.

Monocyvte-enriched cells were obtained by treating PRMC with the
anticanine murine monoclonal antibody DIy 6 0200 as followe 3060 107
PBMC were incubated for 30 min at room temperature i 30 ml of
1:100 diluted DIv 6 Giscites contaimng antibodvy, and then an equal
volume of 1:2 diluted rabbit serum complement (Pel Freeze, Rogers,
AR was added for an additional 60 min. The cells were washed once
with meaium, resuspended 1in 30 ml of 123 diluted rabbit serum comple-
ment, and incubated again tor 60 min. After washing twice in medium,
these cell suspensions contmned 61280 (SEM) viable monocytes, 162
3% Ivmphocvtes, and 23297 granulocvtes, primarily eosinophils,

Monoevte-depleted PBMC were obtained by first pussing PRMC
over nvlon-wool columns as previously described 12/). and then trans
ferring 30x10° nyvlon-woo! pnonadherent (NWXNA) celis in 10 ml ot
medium, contaiming 50 fetal calf serum. into plastic petri dishes
(Falcon No. 3t6:2 Lincoln Park, NJi tor 2 hr incubation ar 37 ¢, 74
CO . This depletion technique vielded approximately 95=1'¢ lvmphod
cells with greater than 90°¢ viability and less than 37 monocytes as
determined by morphologic assessment of Wright-stained cvtospin
preparations,

Preparation of Leu-Leu-OMe The Leu-Leu-OMe was synthesized
from L-leucvl-L-leucine (Sigma Chemteal Co, St Lows, MO as previ
ouslv described 177 . Qualitative assessment of Leu-Leu-OMe punts
was obtained by thin-laver chromatography CTLCH 220 Brieflv, 5 0 of
S5x10
:hsolute methanol), L-leucine (Len), Loleuevl Loleucine tLou-Lew
thoth dissolved with heat and stirring in absolute methanol contaming
0.5 N HCD, and the svathesized Leu Leu-OMe were applied to pre
coated TLC plates (250 uM, 10x20-cm. HPTLC Kieselgel 60 (Merck,
Darmstadt. West Germany), and quickly dried under a stream of warm
air. The plates were developed for 2.5-hr in an enclosed, equilibrated
system contaiming the following no.xture of reagent grade solvents
chloroform, absolute methanol and acetic acid at volume ratios of
19:0.6:12.5, respectively. The migrations of the four compounds were
visualized by applyving an aerosol spray of 0.2% mnhydrin an ethanol
and then placing the plates 1n a 607C oven for 30 min. R, valu~ (the
ratio of the distance the compound travels to the distance the solvent
front travels) were calculated, in order 1o assess the resultant migra
tions, according to the following formula (22):

M solutions of L-leucine methy] ester (Leu-OMer (dissolved in

distance traveled by cc.apound

" distance traveled by solvent fromt
Leu-leu-UMe was stored at —20°C 1n absolute methanol and, based
on repeated TLC analysis, wa stable for at least three months.
Incubation of PBMC or marrou cells with Leu lev OMe  Equal
volumes of PBMC or marrow cell suspensions and Leu-leu-OMe at
the indicated final concentrations were incubated for 15 min at room
temperature. Cells for in vitro studies were washed twice and resos
pended in medium. Marrow cells used for autologous infusion were
incubated at cell concentrations of 20<10°/ml in {.eu Leu OMe solu
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tions that contained 0.1 U/ml DNAase (Waorthington Enzymes and
Biochemicals, Freehold NJ L After incubation, these cells were washed,
counted, and reinfused within 1 4 hr.

Muxed leukoexvte cudture and mitogen assavs. MLCs were estabished,
labeled with | Hjthyvmidine, harvested. and prepared for hquid scinul-
lar on counting as previously deseribed (23 with minor modifications,
The 107 Leu-Leu-OMe treated or untreated responder and 10 arradi-
ated (2300 rads) untreated, stimulator PRMC were cocultured in a
final volume of 200 4f M-NPS/720° per well. Mitogen stimulation was
assessed by adding either 375 wg/ml PHA (DIFCO. Detront M1y, 200
wi/ml Con A (Calbiochem, San Diego CA1 or 200 4g mi PWM
(GIBCO, Grand Island. NY1 to 10 treated or untreated responder cells
i i final volume of 200wl ot MONPS207 0 Al cultures were established
i triphicate i microtiter plates (Costar No. 3794, Cambridge MA) for
Tdavsar 37 €070 CO Oinca humiditied incubator,

Bulk MLC B MLC) and coll mediated Svmpholisis assavs Bulk
MILCs were estalhished usng ether untreated or Leu Leu-OMe
treated PRNC or marrow cells as responders, and untreated, irradiated
PBMC as stunudators, to gonerate CTL for CMI assavs, as previonsly
described (79 with modifications CTL were derived trom these cul
tures to form two CMILassay groups: 11 responder PBMC or marrow
cells treated wirh Len Leu-OMe or MeOH on dav 0 prior to mixing
with irradiated stimulator PENMC in B-NLC (day 0 and o2 Leu- Leu-
OMe or MeOH treatment of T-dav B-MLC generated CT1, tday 7o
CTLs were naxed at a 201 ettectortarget ratio, with - Crlabeled  Na
CrO, oo 500 oComl, NEND Wilmington DE) Con A stmulated
PRBMC targets. Cultures of PBMC to be used tor tiarge's in the CNIL
assitvs were established on the same dav ot B-MLC and <timnlatea
4 of culture. The +hr
performed as previousiv described €790 The mean spontanesus maxi-

with Con A on dan Cr release assav was

mum Cr release ratio was 1z 1 (2 SEND while maximum release
total  Croancorporation was 9022 tor targets used in this <cries ot
CMIL assavs.

Proiteration of treated or untreated responder PRNC or marrow
cells in Today B-MLC was measured by distribating 200-41 ahguots
from each B MLC tlask it tnipheate microcnlture wells and labeiing
tor 7 hr with | Hithvoudine, Cell harvest and hiquad santilation
counting were performed as described tor MLC 279

Natural idler ceil - NK Leu-Leu OMe ar MeOHR treated or
untreated PBMO and marrow cells were assaved tor NK activny against
@ Urlabeled canine thvrond adenocarcinoma cell ine tCTAC ina Is.

[ZRRTE RN

hr assay with the pereentage of - Or release caleniated as presiousls
desernbed (200
leu Len ONe and

MeOH treated and untreated marrow cells were tested for m oartro

In catrn marron culticres for CEFU G gronth

hematoporetic progenitor growth using an agar based colony tormation
assav that utilizes postendotoxin dog serum (PEDS) as the souree of
colony ~stimulating tactor 1250 Growth ot granuloeste macrophage col
omies HCFUGM) was assaved in cultures contaiming 1o or =10
treated oruntreated marrow cells onlyv, and in cultures i which marrow
cells were cocultured with either 10 autologeas PRMC, Mo enrniched
or Ma depleted PRMC, or Len Leu OMe treated PRMC ncabated
with 1000 4 M Leu Lea OMer Cultures were imcubated in triphoate tor
10 daven a 47 C.7% CO humidified imeobator and GFU GM colonies
were enumerated as previoushy deseribed 12050

Autologous marrou transplantation Marrow for autologons trans
plantation was ohtained by a vacuum pump aspiration procedure (260,
processed over a Ficoll-Hvpaque density gradient and incubated with
Leu Leu OMe Al reciprents were conditioned with 920 ¢Gy total bods
irradiation delivered as o single exposure from two opposang 7 Co
soutrces at 70 cGy/mm (260 The reapents were infused with treated
autologous marrow within 3 hr of TRBL Supportive care pre and
posttransplantation with antibioties, v flids, and whole bload trans
tusions, was given . previously deseribed (27 In additien, reapient-
were given oral antibioties {Neomven sulfate and polvmvsin B <altates
darly for five davs before TBI and posttransplant untd the granulocvte

count reached H00/n.m
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RESULTS

Thn-laver chromatographice analyvsis of ssknithesized Leu Lew-
OOMe. Three batches of Leu-Leu-OMe were svnthesized for use
in the in vitro studies and autologous transplant experiments
described. Consistent R values were obtained tor each batch ot
Leu-Leu-OMe and tor the three control compounds tested.
Within the Leu-Len-OMe. there was a secondary spot that
migrated with a R value equal to that observed tor the |-
Leucyl-L-leucine. The consistency of the R values indicated
that constant vield and puritv was achieved with minimal
batch-to-batch vanations.

Viiabilus of PBMC ang saarrow cclis after incubation with
Let-Lew 03 e The viability of treated PBMC and marrow cells
wis assessed within 1 hr after incubation with Lea-Lea OMe.
There was no signiticant ditference in viabihities observed i
cells treated with either Leu Leu- ONe cup to 1oon (NG5
MeOt in PBS ur PBS onlv. No time-course studies were done
to assess the viabihitv of PRMOC and me=row cells more than |
hr atter incabation with Leu Leu-OMe.

Flincnater o alloantizen
duced Dompioeste Blastogenesis by pnceabation of PRNC dh
Lew Lew 000y PRMO were treated at either 2x 100 o 20 1y
ml wirh Len Leu-OMe and tested in miero- MO, and blasto

FENPDONSE CRess dand o matogen -

venests ds=avs (e e Inoall assavs there was a Leu-Leu-OMe
dose-dependent reduction in the profiterative response such
that virtually o Blastosenesis was observed atter inenbation
with 100t N e Leu ON e

Treatment ot 200100 responder PBMC or marrow cells be
tore bulk MLC resulted in <inalar Leu-Len OMe dose-depend-
ent reductions i proliterative response rdata not showny, The
marrow cells cave o lower haseline level of [ Hjthyvmidine
incorperation amd were more sensitive than the PBMC 10
treatment with e Len OMe rdata not showny, Treatment of
PRMC marrow cells with 007 MeOH in PBS had no eftect on
the alioproliteranive response in B MLC tdata not shown),

Fivmniation 0 ke Soneration of antigéen specifne oxiotoxe T
ot e b bt o of PEMOC and marrow eclls aath Laew
Lo OMe The

antigen-~pecie cvtotoxie T oeells was measared by imcubating

cttect of Len-Lea-ONMe on the generation o

re~ponder PBMC and marrow cells with Lea-Len ONMe tdav o
treatinent o ared then testing these cells in a ~standard CM1,
Tdavs ot oadtare in BONMLC Treatment with 1000

S I SURTIN Y

Ay afler
ONe climinated the seneration of ovtolvie actin

ity agiin-t O abeled alloarrigen speatie Con A stimulated
PEMC B2
CHE tronn precirsors = sen=itinve tooinenbation wath Lew Len
ONe The ettecr o0 Lood Lea ONe incabation on C1]L already
venerated n NELO v
T rreatment elmanated antizen specitie (ot
MeOH . eithier o diny 0
ot o mtertere warh either the development o €7

hese resut s medicated that the generation o

Todav ok treatment s wias also

e aliated

activts ks 0 reatment ot 00
or die
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treatment of marrow cells. There was a marked reduction in
CFU-GM colony growth obtained from marrow cells incubated
with varving concentrations of Leu-Leu-OMe (Table 1). Mini-
mal CFU-GM growth was observed with 10" Leu-Leu-OMe
treated marrow cells per plate were cultured. There was some
recovery of CFU-GM growth when the cell number was in-
creased to 3x 10 treated marrow cells per plate, but only to a
level that was approximately 25% of that observed with 3x10"
untreated marrow cells. Addition of either untreated, autol-
ogous PBMC or Mpg-enriched autologous PBMC increased
CFU-GM growth, but not to the levels ohserved with untreated
marrow cells in similar cocultures. The addition of Ma-depleted
or Leu-Leu-OMe treated autologous PBMC 1o treated marrow
cells did not augment growth.

The effect of incubating marrow cells with Leu-Leu-OMe on
autologous marrouw engraftment. Six of the seven dogs given
Leu-Leu-OMe treated autologous marrow engrafted and did so
with kinetics similar to those seern in recipients of untreated
autologous marrow (Table 2 and Fig. 4). Platelet counts re-
turned to normal levels between 20 to 30 days posttransplant.
Dog €521 did not survive past day 20 posttransplant. After
Leu-Leu-OMe incubation, the marrow cells from this dog were
clumped and had only 209 viability, resulting in the infusion
of a very low marrow cell dose. The marrow from CH80 was
incubated with the same concentration of Leu-Leu-OMe as

TanLe 1. Invitro CFU-GM colony growth from marrow cell

CFU GM colomies

Lew T OMe o BMO cocultured
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(521, but the treated marrow cells of (580 did not clump and
this dog survived with rapid engraftment. Dog BB8701 had to
be euthanized on day 19 posttransplant due to an accidental,
severe, foot injury that failed to respond to treatment, hut did
show evidence of engraftment as indicated by a rise in WBC
and the marrow cellularity at autopsy.

DISCUSSION

Thiele and Lipsky have demonstrated that exposure of mouse
spleen cells or human peripheral blood leukocytes to Leu-Leu-
OMe depletes these populations of monocytes, NK cells, and
cytotoxic lymphocytes at both the precursor and effector stages
of differentiation, without apparently affecting other cell pop-
ulations (17-13). They further showed that incubation of mix-
tures of murine marrow and spleen cells with Leu-Leu-OMe
did not interfere with engraftment and could. in certain circum-
stances, prevent GVHD (74-16). In the studies presented here,
we found that canine peripheral blood and marrow cells hehave
similarly following exposure to Leu-Leu-OMe with the elimi-
nation of functional monocytes, NK cells, and alloantigen-
sensitized CTL, and inhibited the development of CTL from
pCTL. Further, we found that incubation of marrow cells with
Leu-Leu-OMe (even at very high doses) did not inhibit autol-
ogous engraftment in recipients conditioned with 920 ¢Gy TBI.
These studies also demonstrated that the treatment of canine

s incubated with varving concentrations of Leu-Leu-OMe

abtamned from CFU O cultures”

A0 BMO |‘n('rlil|l\lr('\’

M N I 10 Mg 1 Mo 100 Len Leu OMe No i 1 Ma 1" Ma 10 Lea Leu OMe
consiture PRMC ennched  depleted treated PEMOC coculture PRMC enriched depleted treated PBMC
Nl 6H*+ 13 LEESY] Y615 THx2Y TRELS 207415 250+ 18 3482y 2887 252%17
250 04202 64232 HES.N] 17R+63
500 ] 14X BEU H1x24
1000 122005 x4 29+ | 221 2406 LR 4243 74229 3203 31
OO0 s+ Ha 2+0.K8 135
4008 07206 112 0.9+0.5 1639

Represented are mean values + SEM, obtained from multiple experiments in which triplicate CFU-GM cultures were established for each

parameter tested.

“All cocultures emploved autologous cells. The limited vield of Ms prevented coculture with all concentrations of Leu-leu-OMe tested. There
was no CFU-GM growth when untreated PBMC (between 107 to 6x 10 /ml) were cultured without marrow cells

Che concentration of marrow cells treated was constant at 2010 /ml

TABLE 2.

Recipients conditioned with 920 ¢Gy TRI and receiving Leu-Leu-OMe treated autologous marrow”

Fhen e OMe|”

No vuable

Survival

Doy 1D A treated BMO tdavs post

e intused VIO K HAMT
CHBY 1000 14 152
BRBX701 1060 0.7 19
(6Hu2 1H00 1.41 >124
CH21 PAED] (1.052 20
("Hn0 2000 1.67 173
Runn 4000 134 114
6L 1.5 112

4000

Cause of death

Sodium pentothal”
Sodium pentothal’

Sull hiving

Pneumonia; sepsis
Sodium pentothat’
Sodium pentothal’
Sodium pentothal”

P20 10" BMC/ml treated with Leu-Leu-OMe.
Viahihity of hone marrow cells infused determined by trvpan blue stain exclusion technigue
* Sodiim pentothal injection for euthanasia at end of study

Marrow cellulanmy

Normocellularity (3 cell hines)
TH'7 of Normocellularity (3
cell lines)

Normocellulanty (3 cell hnes)
Focal hematopmesis
Normacellularity €3 cell linesy
Normaocellulanty ¢4 cell nest
Normocellulanity 3 cell hines

*Autologous marrow aspiration, BMO treatment, ana infusion on same dav as 920 ¢y THI 1o reciprent tBMT- bone marrow transplanti

“The Leu-Leu-OMe treated autologous marrow was frozen and stored at =80 C tor one week prior to reintusion L he provedure for marrow

crvopreservation was as described (26)
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FiGURE 4. Hematologic recovery in recipients conditioned with 920

¢ty TBI and infused with Leu-Leu-OMe-treated autologous marrow.

The ordinate indicates the absolute granulocyte counts obtained daily

postizansplant until death or recovery to the normal range. The shaded

area represents the normal range imean = SD) of recovery observed in

16 dogs ~onditioned with 920 cGy TBI and given untreated autologous
marrow 78).

marrow cells with Leu-Leu-OMe. in a concentration-dependent
fashion, could reduce or eliminate in vitro CFU-GM growth.
This reduction could be partially reversed with the addition of
unfractionated autologous PBMC or Mg-enriched PBMC but
not with Ma-depleted PBMC or autologous PBMC treated in
vitro with Leu-Leu-OMe. Our assay employvs postendotoxin-
treated dog serum as a source of colony-stimulating factor.
Reversal ot the effects of Leu-leu-OMe on CFU-GM growth
by monocyvtes demonstrated the monocyvte dependence of this
CFU-GM assav system and suggests that PEDS does not act
directly as a single factor on the granulocyte/macrophage pro-
genitors.,

Marrows were treated at two different cell concentrations in
anticipation that this procedure might be useful for allogeneic
marrow transplantation in large animals and possibly in man.
Reduction or elimination of various cells involved either in
response to alloantigen stimulation {tMLC, pCTL, CTL) or NK
function could be accomplished by treating PBMC or marrow
cells at 20x10' /ml with 1000 M Leu-leu-OMe. The murine
models using H2-disparate P—F. marrow donaor/recipient pair-
ing showed that Leu-Leu-OMe treatment could prevent acute
GVHD. The resultant chimeras developed normal cellular im-
mune responses and showed donor and host-specific immuno-
logic tolerance (16). The cell concentration treated in those
studies was 2x 1) /ml. and the highest concentration of lLeu-
Leu-OMe used was 250 uM. Cell concentration directly influ-
enced the concentration of Leu-Leu-OMe required 10 achieve
a given effect. Thus, in the present study when the cell concen-
tration was increased tenfold. the concentration of Leu-lLeu-
OMe had to be increased approximately fourfold to achieve the
same inhibition of cellular immune functions. The potential
problem of larger cell numbers and expanded marrow volumes
needed for the transplantation of larger animals can be circum-
vented hy increasing the concentration of Leu-leu-OMe.

Data in the canine model suggest that Leu-Leu-OMe should
be explored turtner as a possible substitute for other currently
used methods of marrow T cell depletion. It needs to be deter-
mined whether treatment of marrow with Leu-Leu OMe will
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leave behind a population of cells that facilitate engraftment
and recovery of immunity while removing cvtotoxic T cells that
may comprise the major population of cells involved in the
development of acute GVHD.
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The application of anti-cyclo-oxygenase and anti-prostaglan-
din E; immunoglobulins to A23187-stimulated rat connec-
tive tissue mast cells has permitted the localization of cyclo-
oxygenase activity (prostaglandin H; synthetase) and the site
of prostaglandin E; (PGE;) formation in the secretory gran-
ules. Because binding was carried out after stimulation but
before dehydration and embedding, we have limited the loss
of these antigens due to normal degradation and to aque-
ous and solvent washes. As this method permits labeling of
exposed cell surfaces. only granules that have been exterior-
ized can be labeled. Contrary to what might have been ex-
pected. no labeling was associated with plasma membranes
or with any portion of damaged cells. Antibodies to PGE;

Introduction

It has long been assumed that the cell membrane is the source of

phospholipid which provides the arachidonic acid requited for syn-
thesis of prostaglandins and other eicosanoids (1-5). Eiosanoid re-
lease has also been assumed to occur as a result of cell and mem-
brane damage (3.4). However, membrane damage cannot be the
source for the large pool of free arachidonic acid required for ci-
cosanoid synthests, as calcium tonophore-stimulated release of ¢i-
cosanoids from neutrophils can occur without damage to mem-
brane or loss of cell function (6). In addition, macrophages that
produce large amounts of eicosanoids are known to contain no stored
free arachidonic acid (7). These contradictions are compounded
when one considers that phospholipase A;. the enzyme necessary
for arachidonic acid release from phospholipid, requires millimo-
lar calcium concentrations for tts acuvity (4,8). This calcium re-
quirement «an..ot be met by a membrane bilayer source.
Recently, we found that the secretory granules of the mast el
contain a large non-bilayer phospholipid store (9) During granule
activation, a portion of this phospholid spontancously assembles
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were bound evenly over the surface of the granule matrix,
wheteas antibodies to cyclo-oxygenase appeared to be bound
to strands of proteo-heparin projecting from the surface of
the granule matrix. Where granule matrix had become un-
raveled and dispersed, label appeared to adhere throughout
the ribbon-like proteo-heparin strands. These results sup-
portt our previous conclusion that the secretory granule is
the site of the arachidonic acid cascade during exocvtosis.
( J Histochem Cytochem 37:1319-1328, 1989)

KEY WORDS: Cyclo-oxygenase; Prostaglandin E;: Secretory granules:
Mast cell; Exocytosis: Lipid mediators, ..::.ammation; Arachidonic
aad. Ewcosanoids: Immunocytochemistry

into vesicles as a result of 2 water influx from the cytoplasm 1ato
the granule (9-11). Fusion of these newly assembled membrane
vesicles with the perigranular membrane enables the activated gran-
ule to enlarge and its perigranular membrane to lift from the sur-
face of the granule matrix. The contact and fusiun of the expand-
ing perigranular membrane with the plasma membrane culminate
in exocytosis (10-13). Like many other secretory systems, the mast
cell also produces a variety of lipid-derived mediators, such as
prostaglandins and leukotrienes, during histamine release (14). Be-
cause mast cell phospholipid contains 2 high concentration of ara-
chidonic acid (15), the rematning matix-bound phospholipid would
be a convenient arachidonic acid soutce for eicosanoid synthesis
if the enzymes of the arachidonic acid cascade are also found in
the granule. To this end. we have demonstrated that the mast cell
granule not only contains the substrate for eicosanoid synthesis but
also contains the machinety for rapid production of eicosanoids
durning granule activation (16). In this communication, we further
establish that the granule 1s the site as well as the soutce of eicosa-
noid produccion, by localizing the presence of cvclo-oxygenase and
its product, prosiaglandin E: {PGE;) to the granule matrix using
immunocvtochemical techniques

Maternials and Methods

Rat serosal mast cells were abtained by pentoneal avage according 1 a pub-
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Figure 1 Cyclo-oxygenase localization in mast celis stimulated with A23187. The cyclo-oxygenase activity was localized by using monoclonal anti-cyclo-oxygenase
antibodies and the resulted ant:gen-antibody compiex was visualized ultrastructurally by binding of ferritin-conjugated antibodies. The tarritin label was confined
lo the strands of proteo-heparin projecting from the surtace of the secreted granules Eosinophils (Es) showed no label Membrane vesicles weare often seen N
asgociation with secreted granules (arrow). (A-D) High-magnification images of areas marked a through d. Onginal magnification x 10,120, A-D x 36550. Bars
- 05 um.
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Figure 2 Association of cyclo-oxygenase with vesicles assembled from granule matrix phospholipid. The presence ot cyclo-oxygenase actwvily, as visualized

by the ferritin label. 15 seen to decorate the secreted membrane vesicles (arrow). (A-D) High-magnification images of senal sections of the cluster of vesicles.
Note that the damaged mast cell (<) shows no ferritin label. Oniginal magnification x 11362, A-D x 48375 Bars = 05 um
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lished procedure (9), except that plain normal Hank's balanced salt solu-
ton (HBSS) was used as a lavage buffer. After one wash with HBSS and
centrifugation at 30 x g for 10 min, mast cells were activated by suspen-
ston in HBSS containing 1 pg/ml A23187 for $ min at 20°C. The reactton
was stopped and cells were fixed by the addition of an equal volume of
fixative containing 5% glutaraldehyde, 100 mM cacodylate, and 4 mM
MgCl;. After a 30-min incubation at 20°C, the cells were washed threc
times with HEPES-buffered saline (0.15 M NaCl and 20 mM HEPES, pH
6.8). Each wash was for 15 min with gentle agitation and was followed by
a 2-min 1500-rpm centrifugation in a Beckman microfuge 12. During the
third wash. the cell suspension was divided 1nto aliquots for the various
intended experiments. After centrifugation. the cell pellers were re-
suspended in the respective antibodies ot 1n pre-immune serum for the
corresponding control experiments.

For localization of cyclo-oxygenase, the cells were se-suspended and in-
cubated for 79 min with monoclonal mouse anti-cyclo-oxygenase immu-
noglobulin G, (Cayman Chemical; Ann Arbor, MI) diluted to an approx-
imate concentration of 50 ug/ml in HEPES-buffered saline contasnung 20
uM digitonin (Fluka; Buchs, Switzerland) and 10 mM EDTA . A cell sam-
ple for the cotresponding control expeniment was incubated in pre-immunc
mouse serum diluted to 50 pg/ml in the same buffer.

For localization of PGE;, the cells were incubated for 75 min with poly-
clonal rabbit anu-PGE; immunoglobulin G (Cayman Chemical) diluted
to about 50 ug/ml as for the anti-cyclo-oxygenase antibody. The correspond-
ing control was incubated with pre-immune rabbit serum at about 50 ug/ml

SCHMAUDER-CHOCK, CHOCK

Figure 3. Control experiment for cyclo-
oxygenase localization. Secreting mast cells
incubated with pre-immune serum in place
of the anti-cyclo-oxygenase antibodies show
essentially no ferritin label. (Inset) High-
magpnification image of the granule (arrow).
Original magnification x 10.350; inset x
40850. Bars = 05 um.

After incubavon, the cells were treated with three 5-min washes in
HEPES-buffered saline to remave unbound anubodies fo visualize the im-
munogenic actvity of the eyclo-oxygenase, buth the control and the ex-
perimental samples were incubated with about 1 mg/ml fernnn-conjugated
goat anti-mouse IgG anuserum (Cappel. West Chester. PA) for 60 mun,
tollowed by three 5-min washes with HEPES-buffered saline to remove un-
bound fernunated anuserum To visuahize the PGE;, the control and the
expenmental samples were incubated with diluted ferntin-conjugated goat
anti-rabbit IgGoanuserum (Sigma. St Lowis, MO for 60 mun, followed
by washes to nd of excess unbound antbodics Similarty, gold-conjugated
antiserum (Sigma) was also used in place of the fernun-conjugated antisera
for ubrrastrucrurat locabizavon of PGE;

After a last wash to nd the cells of the unbaund heavy metal-conjugated
anusera. the speamens were osmicated for 20 min an 1% osmium tetrox-
ide. followed by routine dehydration and embedding in Epon 812 accord-
ing to established pracedures (12) Unstained thin sections were exanvned
with a Phillips 400 rransmassion electron microscope

Results

Cyclo-oxygenase Localization

The application of monocdlonal anti-cyclo-oxygenase antibodies to
A23187-stimulated peritoneal lavage cells permitted the ultrastruc-
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Figure 4 Locahzation of the secretory granule as the site of PGE; production. Mast cells were stimulated with A23187 and PGE; was localized by using a poly-
clonal anti-PGE; antibody. The resulting antigen-antibody complex was visuahized ultrastructurally by binding of terntin-conjugated 1gG PGE 1s contined to the

exposed surface of the secreted granules (A-E) High-magmification images of areas labeled a through e Original magnitication x 11,730, A-E x 34.400. Bars
= 05um

tural locahization of (yclo-oxygenase to the secretory granule of the ing from the surfaces of the secreted granules. All secreted mast
mast cell. The association of cydo-oxygenase with secreted mast cell granules were labeled. Binding was not seen 1 the interior of
cell granule matnix was readily visualized (Figure 1). Antibody bind- the granules. This may indicate the inaccessibility of the condensed

ing was prominently localized to the proteo-hepann strands project- granule matrnx 10 the anubodies. Dispersed granules which re-




1324 SCHMAUDER CHOCK, CHOCK

.;" i
.« X
*
>
ﬁ“‘

Lo £
! v s
»f v 5. .
’}? . > ‘)
-t = ]
& L] 2 Y
P .
Tet %
v
%
e
® ¥
9o 1
3 - -
“ i\‘\ \
5‘ > "
® , -.
’ i ~f'.,.

%
>
EN

® - . PO I ‘,

Figure 5 PGE; localizaton on unraveled secreted granule Complete unraveling of a secreted granule has permitted visualization of PGE; binding on the nbbon-
like proteo-heparin strand Bar at the lower right-hand corner = 2 um Insets A, B. and C correspond to areas a. b, and ¢ on the strand Even distribution of
ferritin label on the matrix proteo-heparin strands can be observed Onginal magnification x 5698, A-C x 33325 Inset bar = 05 um
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Figure 6. Control experiment for PGE: lo-
calization. Parailel experiment in which
pre-immune serum is used n place of the
poiyclonai anti-PGE2 antiserum. (inset) [y
High-magnification of the secreted granule ’
(arrow). Original magnification x 13570: in- . o
set x 24,725 Bars = 05 um RS

mained within the confines of the cell but which were sn commu-
nication with the outside via a pore often had litte or no fabel
No cvdlo-oxygenase was localized 1o the plasma membranes of any
cell type present in the lavage.

The fipid nature of the granufe contents could be seen, o 4
limited extent. with the appearance of a single vesicle adyacent o
asecreted granule (Figure TA). 1t became more apparentin Figure
2. where a large duster of vesides was associated with a parnally
secreted mast cell. This mass of vesicles was prominently tabeled
for cydlo-oxygenase, especially i the intervesicular regrons of the
mass.

A control cell which received pre-immune serum rather than
anti-cvdo-oxygenase antthadies 1s shownan Figure 3 The absence
of label on the secreted granules of the control cells illustrated the
speafiay of the antigen antibody reaction

Prostaglandin E» Localization

The application of polydonal ant-PGE: annbodies (o A25187-
saumulated pentonceal lavage cells has established the mast cell gran-
ule as the site of PGE: synthesss dunng histamine release (Figure
4} All secreted mast cell granules were labeled  Although other
granule-contaimning cell types were present at the tavage, indluding
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cosnophils and neuttophils, these cells did notappear to have un-
dergone secreuon and were generally not associated with PGE; la-
bel Antibody binding was predominarnitly localized to the petiph-
ety of the secreted granules Unlike che cvdlo-oxygenase label which
was apparent un the proteo-hepann projecaons from the granule
matnx. the PGE> label was distributed evealy and 1n a more con-
unuous fashion on the surface of the matnix: Thas suggests a strong
hydrophobic interaction between the PGE: and the hydrophobie
components of the matrix

1t 18 pot uncommon o find extruded granules that have be-
come so dispersed and untaveled that they reveal their proteo-
hepann cores as being made up of long nibbon-like strands (17)
A pornon of an unraveled granule can be seenin bigures A 5(
The adhetence ot the tabel throughout the sitand indicates that
much of the newly synthesized prostaglandin remains bound to
the granvle matnix long atter the extrusion of the granule We never
observed any gradient of label in assoctation with the granule ma-
tix The label was alwavs nghtly associated with the marnx pro-
win and did not appear to diffuse trom this hound state

Kesults of the control expeniment in which cells recetved pre-
smmune serum rather than PGE: anubodies can be seen m Fig-
ure 6 The absence of labelin the control sample lends aedence
tor the resubis: The locahizaton of both the cvclo-oxvgenase and s
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Figure 7 Ultrastructural visualization of PGE2 antigen-antibody complex using
a gold-conjugated antibody. Parallel experiment as in Figure 4, except that a
gold-conjugated IgG antibody was used in place of the ferritin-conjugated one
for visuahzation of PGE; Like the ferritin label, the gold label is also confined
to exposed surfaces of secreted granules, especially in areas where the gran-
ule 1s more dispersed and accessible to label penetration. Original magnitica-
ton x 34425 Bar = 05 um.

product. PGE;. further supports the conclusion that the sccretory
granule is the site of the arachidonic acid cascade during exocytosis.

Analogous experiments which substituted the ferritin-conjugated
antiserum with a gold-conjugated antiserum in the sccond anu-
body incubation were also carried out. The results were mn ageee-
ment with those using ferrtin-conjugated anubody for visuahiza-
ton of the anugens. Figure 7 shows a typical result using the
immunogold method for localization of PGE;.

Discussion

In agreement with our previous biochemical evidence, our current
ultrastructural results also confitm the fact that the seceetory gran-
ule of the ‘mast cell is the site of cydo-oxygenase activity and
prostaglandins synthesis during exocytosis. Because we applied an-
ubodies to secreting whole cells, the labeling was limited o ex-
posed surfaces. The fact thatonly the matrices of the secreted gran.
ules were labeled (Figures 1. 4. 5. and ) implies the presence of
an cwosanoid-synthetic machinery 1a the seceetoty granule
Contrary to what might have been expecred. coll plasma mem-
branes were never labeled with either cyclo-oxygenase or PGE ;> ac
uvity Disrupted cetls, broken or damaged as a result of handhing.

SCHMAUDER-CHOCK, CHOCK

also gave no evidence of cyclo-oxygenase activity or PGE; localiza-
tion, even though the antibodies often had access to internal cyto-
solic locations (Figure 2).

Prostaglandin E; appeared to be bound to the granule matrix
even when the granule was unraveled (Figure 5). Since PGE. is very
hydrophobic, as evidenced by its low solubility in water, much of
it may have remained bound to the hydrophobic matrix afer secre-
tion. Many cells of the immune system, such as neutrophils and
macrophages, are rapidly attracted to secreted mast cell granules
because their secretion is associated with the production of the so-
called “slow-reacting substances of anaphylaxis” (SRSA). These
SRSA, which are primarily leukotrienes, are potent leukocyte che-
moattractants. In Figure 8, a granulocyte appears to be phagocytos-
ing a labeled mast cell granule. Since the eicosanoids, as represented
by PGE:, remain bound to the granule matrix via hydrophobic in-
teraction, it seems possible that these bound lipid mediators may
confer a signal to the phagocytosing cells by activauing their cell
surface receptors at the points of contact. The phagocytosis of the
granule matrix would result in formation of a lysosome which con-
tains lipid mediators. However, it is also conceivable that mediator-
containing vesicles, such as some of those shown in Figure 2. may
fuse directly with a target cell on contact. Their fusion would result
in the direct release of lipid mediators into the cytoplasm of the

1
) ~avd

figure 8 Phagocytos:s of terntin-labeled secraeted masi cell granule by granu.
locyte A granulocyte 1s seen in the process of phagocytosing a mast ceil gran-
ule (arrow) which has been labeled with terntin for PGE; activity Onginal mag:
nification » 10580 Bar = 1 um
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target cell. The internalization of non-membrane-delimited medi-
ators opens up the possibility of some yet unknown intracellular
tunctions for the lipid mediators. A role of arachidonic acid me-
tabolites as intracellular modulators of K* channel has been recently
suggested (18).

Previously. eicosanoid synthesis was considered to originate from
membratic phospholipid (1-5), with damage to these membranes
as the event that made phospholiptd available for cicosanoid syn-
thesis. Our results indicate that prostaglandin formation may ac-
tually be the result of receptor-mediated granule exocytosis. The
coupling of granule activation to triggering of the arachidonic acid
cascade explains why, for the mast cell. the inital tume course of
histamine refease closely parallels the time course for prostaglan-
din production (14,19). This explanation is also consistent with the
coincident production of eicosanoids with the process of secretion
in other secretory systems (20,21).

In the eicosanoid biosynthetic cascade. the first requirement
for the synthesis of prostaglandins is availability of phospholipid.
In the mast cell granule, this is easily met by the existence of a
large non-bilayer phospholipid store bound to the granule matrix
(9). The second requirement is a phospholipase to liberate the ara-
chidonic acid from the phospholipid. Since arachidonic acid is
usually esterified in the sn-2 position of phospholipid (7). the pres-
ence of a phospholipase A is implied. The existence of a phos-
pholipase A: in the mast cell granule has now been verified in our
laboratory (submitted for publication). In fact, the formauon of
PGE; from endogenous granule phospholipid detected here by
using a specific antibody to PGE: is in itself strong evidence for
the presence of a phospholipase Az in the granule. This phospholr-
pase A, like that found in the pancreas and in the macrophage,
requires high calcium concentrations for its activity (4.8). This re.
quirement can be easily met in the granule (22). but not by a mem.
brane bilayer source. The phospholipase A of mactophage gran-
ules was assumed 1o be bound to the granule membrane (4). In
the mast cell. our studies suggest that it is bound to the granule
matrix instead. The third requirement in the pathway is the pres.
ence of a cyclo-oxygenase, the topic of this study. to catalyze the
conversion of arachidonic acid to PGE:. Current theory had also
placed this enzyme, along with other key enzymes of the cascade,
in or on the plasma membrane. However, it should be pointed out
here that fragmented granule matrix components can be easily
sedimented with the microsomal fraction at 100,000 x g There.
fore, 1t is possible to confuse granule matrix components with mem-
brane components. This confusion becomes more vbvious in ex-
periments involving the use of fragmented cells or tissues as starting
matenals. Our observations indicate that cvclo-oxygenase is ughtly
bound to the matrix of the secretory granule, where a large amount
of phospholiptd 1s stored. All these points, taken together, suggest
that the secrerory granule contains all the necessary ingredients to
function as an ciosanoid-producing entity duting granule exocy-
tosis.

There are many inconsistendies surrounding the current dogma
which places the prostaglandin-synthesizing machinery on the
plasma membrane Aside from the difficulty of coping with the
consequence of placing many membrane-destructive enzymes on
the plasma membranc. this concept also provides no credible ex-
planation of how hydrophobic products such as prostaglandine can
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be relcased from their hydrophobic membrane envitonment dur-
ing exocytosis. Mofe serious challenge to this dogma ensues after
the idenuification of a key enzyme in the cascade. prostaglandin
D-1somerase, being a cytosolic enzyme instead of an expected mem-
brane enzyme (23). This difficulty of placing the cyclo-oxygenase
complex on the plasma membrane while the D-isomerase/synthe-
tase is in the cytosol, has been pointed out by Giles and Leff (24).
Furthermore, the use of immunocytochemical technique also failed
1o demonstrate the presence of cyclo-oxygenase on the plasma mem-
brane (25). Our present finding of localizing both the substrate
and the necessary enzymes of the cascade to the secretory granules
not only can overcome the difficulties facing the current dogma
but also can provide the physical basis for linking of granule activa-
tion to the production of eicosanoids during exocytosis (16).

We now understand that stimulus in the form of traumia, infec-
tion, of radiation causes certain cells to secrete and thus produce
various lipid mediators which can initiate an inflammatory response.
Many of these mediators are also potent chemotactic factors. The
involvement and the recruitment of the cells of the immune sys-
tem into the site of inflammation usually results in tissue destruc-
vion. Under physiological conditions, the process of inflammation
is self-contained in the sense that the release of a deleterious medi-
ator eventually elicits the release of opposing factors via a feedback
mechanism. This line of thinking is consistent with the concept
of Chandler and Fulmer. who suggested that the nflammavion-
promoting eicosanoids are released to initiate an inflammatory re-
sponse and that this inflammatory state is later terminated by the
release of immunosuppressive eicosanoids (26). Many studies on
the roles of eicosanoids in the mechanism of inflammation and
how they interact with the various lymphokines, helper cells, and
suppressor cells to elicit a specific immune response have been pub-
lished (27-30). The localization of the site of eicosanoid produc-
uon to the secretory granule and the linking of their production
1o the process of secretion will lead to a better understanding of
the mechanism of inflammation and open the way to snecific ma-
nipulation of the immune system.
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Compared to saline-injected mice 9 days after 6.5 Gy irradiation, there were twofold more
Day 8 spleen colony-forming units (CFU-S) per femur and per spleen from B6D2F1 mice ad-
ministered a radioprotective dose of human recombinant interleukin-1-a (rIL-1) 20 h prior to
their irradiation. Studies in the present report compared the numbers of CFU-S in nonirradiated
mice 20 h after saline or rIL-1 injection. Prior to irradiation. the number of Day 8 CFU-S was
not significantly different in the bone marrow or spleens from saline-injected mice and riL-1-
injected mice. Also. in the bone marrow. the number of Day 12 CFU-S was similar for both
groups of mice. Similar seeding efficiencies for CFU-S and percentage of CFU-S in S phase of
the cell cycle provided further evidence that riL-1 injection did not increase the number of
CFU-S prior to irradiation. In a marrow repopulation assay. cellularity as well as the number
of erythroid colony-forming units. erythroid burst-forming units. and granulocyte-macrophage
colony-forming cells per femur of lethally irradiated mice were not increased in recipient mice
of donor cells from rlL-1-injected mice. These results demonstrated that a twofold increase in
the number of CFU-S at the time of irradiation was not necessary for the earlier recovery of
CFU-S observed in mice irradiated with sublethal doses of radiation 20 h after riL-1
injection. ¢ 1989 Academic Press. Inc

INTRODUCTION

Previous studies demonstrated that more mice survived after exposure to otherwise
lethal doses of 4 radiation or cvtoxan if they had been administered a single injection
of recombinant interleukin-1 (rIL-1) |1 8-24 h before these hematopoietic suppressive
treatments (/-5). Associated with the increased survival. there was an earlier recovery
of mature cells in the blood and hematopoietic colony-forming cells in the hone mar-
row (2-5). Similarly, an earlier recovery of CFC was observed in mice administered
rIL-1 prior to sublethal doses of radiation (3, 4). The physiological mechanisms pro-
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moting the earlier recovery of CFC after irradiation of mice pretreated with rIL-1 are
not well understood.

In mice, assays for spleen colony-forming units (CFU-S) have provided useful and
sensitive measurements of damage and recovery of bone marrow cells after irradia-
tion (6, 7). However, CFU-S represen a heterogeneous population of cells that varies
in time of appearance (8), cell cycling characteristics (7, 9, 10), and potential for self-
renewal (7, /], 12). These subpopulations of CFU-S have been shown to differ in
their tissue distribution (7. //-13). radioprotective ability after transplantation (71,
14). and sensi:ivity to irradiation (9, 10, 13, 15-17). Neta et al. (I18) demonstrated
that injection of murine rlL-1 induced an increase in the number of endogenous
CFU-S. However. they reported that th: increase in endogenous CFU-S observed
after rlL-1 injection was not necessarily predictive of radioprotection (/8). Others
demonstrated that an increase in the number of endogenous CFU-S is not always
correlated with earlier bone marrow recovery or increased survival (/9-21). Determi-
nations of the effcct of rIL-1 injection on the number and cell cycle status of other
populations of CFU-S may be useful in further delineating the mechanisms responsi-
ble for the earlier hematopoietic recovery that occurs after irradiation of rIL-1-in-
jected mice.

The studies in the present report were done to investigate the changes in CFU-S
number and the proportion of CFU-S in S phase of the cell cvcele in tissues of normal
mice that had occurred by 20 h after a single injection of a radioprotective dose of
rIL-1. Data in an earlier report demonstrated that 150 ng rIL-1 from the same stock
solutions as used in the present studies increased the number of B6D2F!1 mice that
survived after 10.5 Gy irradiation from 7 + 13.1 to 85 * 7.1% (4). Also. compared
to saline-injected mice, there was an earlier recovery of erythroid and zranulocvte-
macrophage hematopoietic colony-forming cells in the bone marrow of rIL-! in-
jected mice 8 days after 6.5 Gy irradiation (4). In the present report. compared to
saline-injected mice, there were twofold more Day 8 CFU-S in both bone marrow
and spleens from rll-1-injected mice 9 days after 6.5 Gy irradiation. At the time of
irradiation, the number and seeding efficiency of Day 8 CFU-S and Day 12 CFU-S
were compared for rlL-{-injected mice and salii.e-injected mice. The decrease in
CFU-S after hydroxyurea injection was used to measure the proportion of CFU-S in
S phase of the cell cycle. Also. bone marrow cells from rlL-1-injected and saline-
injected mice were assayed for their ability to repopulate the bone marrow and
spleens of lethally irradiated mice.

MATERIALS AND METHODS
Mice

B6D2F1, or (C57B1/6J x DBA/2)FI, female mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Upon arrival. mice were maintained in an AAALAC-accredited facility. They were housed
10 per cage in plastic microisolator cages on hardwood-chip contact bedding and were allowed food (Wayne
Rodent Blox) and HC acidified water (pH 2.4) ad lihiium Animal holding rooms were maintained at 70
+ 2°F and 50 * 10% relative humidity using at least 10 air changes per hour of 100% conditioned fresh air
and exposed to full-spectrum light from 6:00 AM to 6:00 PM. Upon arrival. mice were tested for Pseudomao-
nas contamination and quarantined until test results were obtained. On - healthy mice were released for
experimentation. Twelve- to 16-week-old mice were used for these studics. Research was conducted ac-
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cording to the principles enunciated 1n the “Guide for the Care and Use of Laboratory Animals™ prepared
by the Institute of Laborators Animals Resources. National Kesearch Council

Irradiation

Mice were exposed bilaterally 1o 3 radiation at a dose rate of 0.40 Gy/mun tfrom a "'Cer radiation source.
Mice received total-body doses of 6.5 Gy tor sublethal radiations studies and 10.3 Gy for CEFU-S and bone
marrow and spleen repopulation studies.

Trearment with Interlewkin-1 el -1

Purified human recombinant I1-1-a a generous gift fram Dr. S, Gilhs of Immunex (Seattle, WA). was
used in these studies. The 1l -1 (three ditferent lots) was supplied i a solution of phosphate-buffered saline
at pH 7.2 with a specific activity of 7.5 - 10° U 1.1 /mg protein. and aliguots were maintained at - 70°C,
Immediately before use. stock solutions of ril-1 were diluted with pyrogen-free saline (McGaw). In a
volume of 0.5 ml 75, 150, or 200 ng was administered to normal mice by intrapenitonceal injection. The
mean body weight of mice used in these studies was 27 + 2.5 g so that the average dose of rll-1 was
approximately 5.6 ug/kg body wi. Control animals were administered 0.5 ml saline at the same time.
Endotoxin (LPS) contamination in rll -1 stock solutions was measured by the Lonudus [ysate assay. On
the basis of these results less than 0.2 ng of L PS was administered per injection.

Preparation of Cell Suspensions

Mice were sacrificed by cervical dislocation. and the femurs and spleens were excised. Cells were flushed
from the bone marrow with Hanks™ balanced salt solution without Ca’" or Mg~ (HBSS: Grand Island
Biologica) Co.. Grand Island. NY) using a syringe and 25 gauge needle. Spleen cells were obtained by using
a svringe plunger 1o disperse spleen cells through a wire screen (Millipore). Bone marrow and sp'zen cells
were then dispersed through a 25 gauge needle until a single cell suspension was obtained. All cell concen-
trations were determined by hemacytometer counts.

Bone Marrow and Repopudation Assay

Bone marrow cells from mice 20 h after saline or rlL-1 injection were diluted. and 2 - 1042 = 107, or 2
< 10" cells were infused into a caudal vein of individual mice 24 h atter 10.3 Gy irradiavon. Fourand 2
days Jater. bone marrow and spleen cells were assaved for cellularity and hematopoietic colony -forming
cell content.

Assays for p Vitro Colony-Fornng Cells

Granulocyvte-macrophage colony-forming cells (GM-CFC) were assaved using the double-layer agar
technique basically as described by Hagan of af (22). The culture medium was double strength CMRI1L-
1066 culture medium (Connaught Medical Research Laboratory) contaiming 104 (volzvob fetal calt se-
rum. 5% (vol/voh horse serum. 57 trypticase soy broth. 0.02 g/mi 1 -asparagine. and pemicillin~streptomy -
cin. In the bottom layer of 35-mm plastic petri dishes was | miota 111 misture of cultuie medium and .07
agar (Bactoagar. Difco) containing 107 (vol/voly L-929 cell conditioned medium s i source of colony -
stimulating activity. The top laver contained 1 ml of a LI munture of culture medium and (.66 agar
containing bone marrow or spleen cells. Cultures were incubated at 37°Cn & humiditied CO:an air
After 10 davs of culture. colonies greater than SO cells were scored as GM-CHC.

Determinations of ervthroid colonsy-forming units (CFU-F ) and enthrowd burst-fornung units (BEU-E
were made using a plasma clot culture system basically as described by Weinberg o @/ 1230 Iscove’s
modtfied Dulbecco’s medium (Grand Isfand Biological Co.b was substituted far « medium: Celis were
plated with 0.25 U/mi (for CFU-EF) or 3.0 U/ml (for BEU-E) anemue sheep plasma. step N enythropoeun
(Connaught ! aboratorics. Inc. Lat No. 3092-2) as 0.4-m) plasma cdots i tour-well Nunclone culture
dishes (Nunch CFU-E and BFU-F cultures were placed into a hunudified 37°Cancubator with & €O for
2.5 and ¥ days. respectinely. Cultures were then harvested. fianed. stained. and evaluated as deseribed
Mcleod et al (24).
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Assay for Spleen Colony-Forming Units

Determinations of CFU-S were done basically as descnbed by Till and McCulloch (6). Background
colony counts were determined from irradiated mice injected with HBSS. An irradiation dose of 10.5 Gy
was sufficient to reduce background Day 8 and Day 12 macroscopic cotonies to a mean * SD of 0.0 + 0.0
(n=23mice)and 0.1 + 0.4 (n = 38 mice). respectively. In survival studies. the mean survival time of mice
not transfused with bone marrow or splecn cells after exposure to 10.5 Gy radiation was 13 + 2.5 days (n
= 78). Cell suspensions were diluted and injected into a caudal vein of each mouse. After 8 or 12 days, the
spleens were removed and placed into Boun's fixative, and the number of macroscopic colonies was
counted. Five to seven mice were injected with cells for each group in individual studies. The mean = SD
was calculated tfrom the mean CFU-S numbers from each group in individual studies.

Determination of CFU-S Seeding Ethciencies

Twenty-four-hour seeding ethicicncics ware determined for both Dav 8 and Day 12 CFU-S in bone
marrow from saline- or rll-l-injected mice (7. 25, 26). In these studies, Day 8 and Day 12 CFU-S per
temur were determined for saline- or ril-1-injected mice. Bone marrow celis {5 » 10%) from the same
suspensions were also transfused into another group of 6-10 mice after their exposure to 10.5 Gy radiation
{priman recipients). After 24 h, 7.5 = 10" (for Day 8 CFU-Syor 3.7 ¥ 10" (for Day 12 CFU-$) splenic cells
from the primary recipients were slowly infused into a caudal vein of mice exposed to 10.5 Gy radiation
24 h ecarlier (secondan recipients). The number of colonies on spleens from secondary recipients was
counted on Day 8 or Day 12, This number was used to calculate the number of CFU-S per spleen from
priman recipients, The percentage of bone marrow denived CFU-S that had seeded into the spleens of
primary recipients by 24 h was calculated by dividing CFU-S recovered/spleen of primary recipient mice
by the number of CFU-S in bor= marrow cells from nonirradiated saline- or rll -1-injected mice.

Determmination of CFU-S in S Phase of the Cell Crcle

The percentage of CFU-S in S phase of the cell ¢ycle was determined basically as described by Rickard
et al (27). Mice were administered 900 mg/kg body wt hydroxvurea (Sigma) in Dulbecco’s phosphate-
buffered saline (PBS: Grand Island Biological Co.) by intraperitoneal injection. Control groups of mice
were administered PBS without hyvdroxyurea at the same time. Tissues were assaved for surviving CFU-S
2.510 3 hlater. The number of CFU-S in hydroxvurea-injected mice was compared to the number in PBS-
injected mice. and the percentage decrease in CFU-S after hvdroxyurea was calculated as the percentage
of CFU-S in S phase of the cell cycle for riL-i-injected mice and saline-treated mice.

Statistics

The two-tailed Student’s 7 test was used to test for signiticant differences in cellularity and colony-forming
cells per tissue between groups of mice.

RESULTS
Effect of rll-1 on Early Recovery of CEU-S after Sublethal Irradiation

The number of Day 8 CFU-S per femur was determined for mice exposed to a
radiation dose of 6.5 Gy 20 h after saline or rIL-1 injection. Five. 9. and 12 days after
irradiation. the number of CFU-S was twolold greater in bone marrow from riL-1-
injected mice than in bone marrow from saline-injected mice. The values were sim-
ilar to Day 12 CFU-S values previously reported (4). Also, 9 days after exposure to
6.5 Gy radiation. the number of Day 8 CFU-S/spleen was twofold greater (P < 0.01)
for rlL-1-injected mice (111 + 23.5) than for saline-injected mice (55 + 17.0). These
results demonstrate that rll- 1 injection induced an carlier recovery of CFU-S in both
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bone marrow and spleens of mice injected with 150 or 200 ng rll.-1 20 h prior to
irradiation.

Number of Spleen Colony-Forming Units after rll-1 Injection

The content of CFU-S was measured in bone marrow and spieens from nonirradi-
ated mice 20 h after saline or rlL-1 injection (Table D. The number of Day 8 CFU-
S/femur was not significantly different (£ > 0.05) for mice 20 h after injection with
saline or 75-200 ng rlL-1. Also. the number of Day 12 CFU-S/femur and Day 8 CFU-
S/spleen was similar for mice 20 h after saline injection or riL-1 injection. Seeding
eficiencies for both Day & and Day 12 CFU-S from the bone marrow of saline-in-
jected mice were not signiicantly different from seeding etheiencies determined for
CFU-S in bone marrow from rll-I-injected mice (Table [1A). Thus the number of
CFU-S/temur after correction for seeding ethciencies was also similar for saline-in-
jected mice and rlL-1-injected mice. These results demonstrate that rll-1 injection
did not induce a change in the number or seeding efhiciencies of Dayv & and Day 12
CFU-S in mice prior to irradiation.

Eflect of rlL-1 on Sensinvity of CF -8 1o Hydroxyurea

The decrease in CFU-S atter hvdroxyvurea injection was used to determine the per-
centage of CFU-S that were in S phase of the cell evele 20 h after el -1 injection. The
number and percentage of Day 8 CFU-S surviving after treatment with hydroxvurca
was not significantly different for saline-injected mice and rll.-1-injected mice (Table
1IB). 11 one study. the number of Day 12 CFU-S sensitive to hvdroxyurea was also
similar for mice 20 h after saline or rIL-1 injection. These results demonstrate that a
twotold increase in the number of CFU-S/femur in S-phase of the cell evele 20 h after
rIL-1 injection was not necessary for the earlier recovery of CFU-S observed in rll.-
1-injected mice after 6.5 Gy.

Recovery of Colony-Forming Cells after Bone Marrow Transplaniation

In a bone marrow repopulation assay. the recovery of CFU-E, BFU-E, and GM-
CFC was determined for lethally irradiated mice receiving bone marrow cells from
saline-injected mice or rlL-1-injected mice (Table D). Similar numbers of cells and
Day 8 CFU-S from saline-injected or rlL-1-injected donor mice were transfused into
lethally irradiated mice. Four and 12 days later. bone marrow cellulanty and content
of colony-forming cells were not significantly different for either group of recipient
mice. Fewer GM-CFC per spleen were observed in recipients of bone marrow cells
from riIL-1-injected donor mice. These studies demonstrate that at 4 and 12 days,
there was no evidence that bone marrow cells from rll -t-injected mice accelerated
hematopoietic recovery of lethally irradiated recipient mice.

DISCUSSION

Data in this report demonstrated that a single injection of Il -1 administered to
B6D2F1 mice 20 h prior to sublethal irradiation promoted an carlier recovery of Day
8 CFU-S in the bone marrow and spleen. Data in this report and a previous report
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TABLEI

Effect of riL-1 Injection on Bone Marrow CFU-S Seeding Efficiencies and Survival
after Hydroxvurea Injection of Saline or rlL.-1 Injected Mice*

Treatment®
Measurement* Saline injection (n)* rll.-1 injection (n)®
A. Seeding cthiciencies
Day 8 CFU-S 24+04 (3) 27+ 0.7 (3
Day 12 CFU-S 31+0.0 (2) 4.4+ 02 ()
B. Survival of Day 8 CFU-S after hyvdroxyurca
injection
Number/Femur (x 10%)
Noninjected mice 4.0+0.35(3) J6e+ 042(3)
Injected mice 315206503 3.0+ 0.36(3)
% Surviving after injection 88 +91 84 +17.1

2 B6D2F1 female mice. 12-16 weeks old.

" Mice were admimistered (0.5 ml saline or 150 ng riL-1 20 by ip injection 20 h prior to administration
of hvdroxyurea (900 mg/kg body wt) or saline.

¢ Cells were pooled from both femurs of three mice per group in each study. 2.5 to 3 h after hydroxvurea
injection; values represent the means + SD of mean values from individual studies.

4 Number of studies.

(4) demonstrated that, compared to saline-injected mice. there were twofold more
Day 8 and Day 12 CFU-S per femur of rIL-1-injected mice 5-12 days after 6.5 Gy
irradiation. Results in this report further demonstrate that the earlier recovery of
CFU-S observed in rlL-1-injected mice was not due to a twofold increase in numbers
of CFU-S at Day 8 or Day 12 or porportion of CFU-S in S phase of the cell cycle at
the time of irradiation. Also. in a marrow repopulation assay. the recovery of ery-
throid and granulocvte-macrophage colony-forming cells in bone marrow of lethally
irradiated recipients of bone marrow cells from saline-injected mice was similar to
the recovery in recipients of bone marrow cells from riL-{-injected mice.

In some studies. the fraction of CFU-S in injected bone marrow cells that lodged
in the spleen and proliferated to form colonies was decreased for populations of CFU-
S in S phase of the cell cycle (28. 29). For example. 24 h after endotoxin injection the
number of CFU-S per femur was decrcased by 50%. but when corrected for a lower
seeding efficiency in the spleen (i.c.. f-fraction) there was no difference in the number
of CFU-S from control and treated mice (29). In the present studies. there was no
significant difference in the 24-h seeding cfhiciency of Day 8 and Day 12 CFU-S in
bone marrow from salinc-injected mice and rlL-1-injected mice. In general. the ratio
of 2-h seeding efficiency:24-h sceding ethiciency has been reported to be approxi-
mately 3:1 (//). In the present studies. the 24-h sceding efficiency tor Day & CFU-S
was lower than expected from the 3.4 2-h seeding efficiency previously reported
for similarly aged female B6D2F 1 mice (30). This lower value was observed for both
saline-injected mice and rIL-1-injected mice. Saline injection alone may have stimu-
lated some CFU-S into cell cycle. In one study. the percentage of mice surviving > 30
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TABLE HI

Bone Marrow Recovery in lrradiated Recipients of Bone Marrow Celis from Mice 20 h
after Saline or rlL-1 Injection

Time atter transpluntation and source of donor cells®

Dav 4 Dav 12
Assay®
(% of normal values) Saline donors ril -1 donors Saline donors rll -1 donors No cells
Bone marrow
Cells 34+0.1 33+02 69 + 28 AN ] 13
(rU-E RE IR 4.2:24 P17+ 1 140 + 32 12
BFU-E 0.3+05 0.5+07 43+ 12 43+ 4 0
GM-CFC 1.7+ 0.7 0.810.5 13 1l 0.1
Spleen
Cells 6.1 £ 0.6 5.7+0.2 94+ TR 90+ 27 S8
CFU-E 80+69 5.6+30 605 + 61 Tid x 216 0
GM-CFC 56 +96 193 + 6.0¢ ND ND ND

* B6D2F | female mice. 12-16 weeks old. were administered 0.5 ml saline or 150 ng rIL-1. Bone marrow
cells (2 = 10%) from mice 20 h after saline or rll-1 injection were injected into B6D2F1 mice that had
recerved a radiation dose of 10.5 Gy, CFU-S values in 2 % 10 cells from saline-injected mice were 620
+ 84 and 620 + 78: CFU-S values for 2 x 10 cells from rll-!-injected mice were 660 + 262 and 600
+ 156,

" Values are the means + SID of mean values from two studies.

* Significantly different from values for recipients of cells from saline-injected mice (£ < 0.05)

days after 10.5 Gy irradiation was similar for noainjected mice (1/10), saline-injected
mice (1/10). and mice injected with heat-inactivated rIL-1 (1/10). That study demon-
strated that the possible stimulation of CFU-S into cell cycle aiter saline injection did
not result in an increase in the number of mice surviving after irradiation. Similarities
in CFU-S numbers and seeding efficiencies further demonstrated that a twofold in-
crease in the number of CFU-S at the time of irradiation was not necessary for the
earlier recavery of CFU-S observed in mice after 6.5 Gy irradiation.

Neta ¢t al. (31) suggested that one possible mechanism for the radioprotective
cffects of rIL-1 might be that rlL-1 injection induces bone marrow cells into a radiore-
sistant late S phase of the cell cycle. Reports on differences in the radiosensitivity of
cycling and noncycling populations of CFU-S are not definitive (9. 10, 13, 15-17).
This may be due to the heterogenity of CFU-S., as well as to the ditficulty in establish-
ing and maintaining a synchronized population of CFU-S in vive. Several studies
indicated that some subpopulations of CFU-S in § phase of the cell evele were more
resistant to radiation injury than noncycling CFU-S (9. 10, 15). Dumenil ¢t al. (32)
demonstrated that a decrease in seeding cthiciency was not alwayvs observed when
there was an increase in the proportion of CFU-S in S phase of the cell cycle. There-
fore, in the present studies, the decrease in the number of CFU-S after hydroxyurea
injection was used to determine the percentage of CFU-S in S phase of the cell cvele.
The decrease in the number of Day 8 and Day 12 CFU-S in the bone marrow after
hydroxyurea injection was similar for saline-injected mice and rll.-1-injected mice.
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Thus, within the limits of these assays, 1t does not appear that the twofold increase in
the number of CFU-S after 6.5 Gy irradiation of rlL-1-injected mice can be ac-
counted for by a similar incrcase in number of CFU-S in S-phase of the cell cycle.
Howevcr, the effect of rIL-1 injection on the number of endogenous CFU-S in S
phase of the cell cycle was not investigated in studies for this report. Boggs and Boggs
(/0) suggested that the earlier hematopoietic recovery observed after irradiation of
endotoxin-injected mice was a result of an increase in the proportion of endogenous
CFU-S in S phase of the cell cycle. Further studies of the effects of rIL-1 injection on
cell cycle kinetics of subpopulations of CFU-S will be important to further delineate
the mechanisms for the earlier hematopoictic recovery after irradiation of rlL-1-in-
Jected mice.

Others demonstrated that CFU-S in the bone marrow were induced into cell cycle
within 24 h after endotoxin injection (29). The increase in the number of CFU-S in
S phase of the cell cycle after endotoxin injection might be related to the replacement
of CFU-S and other hematopoietic colony-forming cells lost due to mobilization of
CFU-S from the bone marrow to the blood and the spleen early after endotoxin injec-
tion (29). In the present studies. 20 h after rIL-1 injection. there was no increase
in the number of CFU-S in the spleen or in the number of CFU-S decreased after
hydroxyurea injection. Also. the numbers of endogenous CFU-S reported for mice
administered similar doses of rIL-1 used in the present studies were low (/8) com-
pared to the numbers reported for mice after injection of glucan (33) or endotoxin
(19). These results suggest that mobilization of CFU-S from the bone marrow to the
spleen early after the injection of the doses of rIL-1 used in the present studies was
minimal. This may be one reason for the observations in the present studies in which
the number of CFU-S in S phase of the cell cycle in the bone marrow was not in-
creased in mice 20 h after rIL-1 injection.

A previous report demonstrated that rIL-1 injection did not prevent the expression
of radiation-induced long-term decreases in the number of CFU-S (4). Also. the num-
ber of Day 8 and Day 12 CFU-S per femur was similar for saline-injected mice and
riL-1-injected mice 2 and 24 h after their irradiation (4). Those studies demonstrated
that rIL-1 injection did not protect CFU-S from radiation injury or decrease their
radiosensitivity (4). However, rlL-1 injection may induce an increase in a subpopu!a-
tion of CFU-S with a greater capacity for repair of radiation damage. Studies by Till
and McCulloch (34) suggested that endogenous CFU-S have a greater capacity for
repair of radiation damage than CFU-S (10). Neta er al. (18) demonstrated that rIL-
1 injection induced an increase in the number of endogenous CFU-S. However, an
increase in the number of endogenous CFU-S has not always been associated with
earlier bone marrow recovery or increased survival (19-21). Another possible mecha-
nism for the earlier recovery of CFU-S after irradiation of rIL-1-injected mice is that
rIL-1 injection may induce an earlier recruitment of surviving CFU-S into cell cycle
after irradiation, as proposed by Smith ¢ al. (35) for the radioprotective effects of
endotoxin,

Manon ¢t al. (36. 37) demonstrated that IL-1 containing supernatants were radio-
protective when added 1o T cells within less than 24 h afier their irradiation. This
effect was related to the induction of IL-2 by IL-1 (37). In vitro studies demonstrated
that IL-1 induced a manvfold increase in the production of colony-stimulating activ-
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ity or factors for erythroid. granulocyte, macrophage. and multipotential colony-
forming cells from a variety of cell types that include cells of the hematopoietic micro-
environment (38-42). For example, IL-1 has bcen shown 1o induce the expression of
genes for granulocyte-macrophage colony-stimulating factors. granulocyte colony-
stimulating factors, and IL-6 from cell lines derived from endothelial, fibroblast, and
bone marrow stromal cells (38-41). The maximum amounts of colony-stimulating
factors occurred 8-48 h after addition of rIL-1 to cell lines (40. 42). In vitro studies
demonstrated that hematopoietic functions of bone marrow stromal cells. thought to
make up part of the hematopoietic microenvironment, are relatively radioresistant
(43. 44). After radiation doses of 13-500 Gy, stromal cells stil) supported prolonged
production of GM-CFC or produced granulocyte-macrophage colony-stimulating
factors. Also, after exposure to 500 Gy radiation. murine bone marrow stromal cells
still were able to respond to endotoxin by increased production of colony-stimulating
factors (43). The production and release of colony-stimulating factors from accessory
cells that make up part of the hematopoietic microenvironment may be one mecha-
nism for the earlier bone marrow recovery observed in mice irradiated after rlL-1
mjection,
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The small intestine of the rat was shielded duning total-body irradation ¢ EBD to evaluate the
ettects ot radiation dose and length of intestine shielded on survinval Sprague-Dawley rats were
anesthetized in groups of 10 Using aseptic surgical procedures 8t 30, 20, or 10 cm. or none of
the provmat or distal small intestine were temporanh exterionzed and shielded duning irradia-
ton wath photons from an 18 MeV hinear accelerator. Less than 1770 ot the dose was deliverea
to the shielded intestines. In unshielded antmals deaths occurred from Daved to 6 with 1315,
or 17 Gy and from Days X 1o 30wnh 90 and 12 Gy Howeseromn all antmals exposed 1o 18
Crvwith all or part of the small intestine shielded. survival was increased to between Sand 9 days
Shielding of the distal smallintestine was more etfective in prolonging survinal than shiciding of
the nrovimal small intestine Lhe previously identihed 1arget of radiaton damage 1in the smali
intestine s the envpt stem cell In this study . the analysis of histologieal specimens of shietded
and irradiated small intestine suggested that humoral factors also influence intestinal histology
and survivaf afterirradiation These humoral factors are thought to ongiate from the srradhated
bady tissues, the shielded provmal intestine, and the shielded distal intestine Further studies
are reguired todentity these tactors and to determine their mode ofaction and the therapeutic
potental atter radiation damage to the small intestine

INTRODUCTION

Total-body irradiation ¢ TBD of expenmental anmimals has been studied to explore
treatment opnions for victims of accidental radiation exposures or for patients in need
ot a bone marrow transplant (/). Dose-effect studies of TBI have been reported in a
number of anmimal species since 1945 (2. 3). There i1s a threshold dose tor lethahity
with total-body irradiation which varies between species. After a TBI dose just above
the threshold dose. ammals begin to die duning the second week postirradiation from

Supported by the Armed Forces Radiobiodogy Research Institute, Detense Nuclear Ageney. under
Work Units BRot and 107 Views presented in this paper are those of the authors, no endorsement by
the Detense Nuclear Agenay has been given or should be inferred. Research was conducted according to
the prinaples enunciated mthe “Guade of the Care and Use ot Taborators Ammals”™ prepared by the
Institute of L aboratory Antmal Resources. National Research Council
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the sequelae of bone marrow aplasia. i.c.. hemorrhage and/or infection. A further
increase in TBI dose decreases survival 1o between 4 and 6 days. At these higher doses.
death is caused by intestinal damage that leads to fluid and electrolyvte loss (3). After
very high doses (> 100 Gy) of TBI. death will ensue within hours due to respiraton
and cardiac arrest caused by radiation damage in the central nervous system. For
low-LET TBI. the relationship of dose to survival is difterent for cach species. In a
given species. these patterns occur in clearly separate dosce ranges (4). Bone marrow
transplantation can protect an irradiated individual after low-dose TBI (¢.g.. a single
dose of =10 GyY (5, 6). With an appropriate bone marrow transplantation protocol.
survival will occur at twice the dose that is lethal in animals without transplantation.
When TBI is combined with bone marrow transplantation. the intestinal tract be-
comes the dose-limiting tissue for acute side effects of radiation. Fluid and electrolste
replacement. as well as total microbiologic gastrointestinal decontamination. have
proven to be useful in decreasing radiation-induced intestinal toxicity . However, the
TBI dosc is increased by only 1 to 2 Gy (e < 12.5 Gy (7-10). The envpt stem cell
of the small intestine has been identified as a eritical target for radiation injury of the
mntestine (2. 3). The number or function of ervpt stem cells that survive radiation is
not readily mfluenced by currently available therapeutic agents, Other studies with
intestinal shielding during TBI appear to indicate that tactors other than ¢rypt stem
cells alsoanfluence survival (/7-13). The identification of these factors might he use-
ful for the treatment of intestinal radiation injury.

The present study was initiated in rats to explore new pathophysiological mecha-
nisms in acute intestinal radiation damage.

MATEFRIALS AND METHODS
Vol

Purpose-bred Sprague- Dawley rats 610 8 weeks old and weighing 200~ 300 g were quarantned on arrisa)
and screened for evidence of discase and pseudomonas betore being released. They were manntained inan
AAATD AC-accredited tacthty caged i parrs and provided commercrad rat food pellets and acidified tap
water 4pH 2 Sy wed fibions Amimal holding rooms were mamtained at 21+ 2°C with 30« [0 relative
humidiny using at least 10 aar changes per hours of 100 conditioned tresh e They were ona 1225 hight
dark full-spectrum hghi oycle wath no twalight

Sireey and nesthesa

Creneral anesthesia was mantiined dunng surgcal procedures using Ketamime Hydrochlonde 130 myg,
kg en combimation wath Nafazine (10 mp kg gisen imtramuscularhy and supplemented as needed Aseptic
procedures were used. A nadhine abdominal iciston was made. and the portion of the small intestine to
be shielded was extersonized Hemorrhage was not normally a problem i this surgical procedure: however.
Wit occurred. 420 chromie gut sutuse musenal was used 1o higate Meeding vessels The extenionzed portion
of the intestine was tagged with colored nenabsorbable suture matenal The animal was uradiated as de-
senibed below  vtter trradiation. the smad! bowel was repositioned i the abdomunal caviey and the abdomi-
nal wall was closed asing single interrupted 4-0 monotilament nvlon sutures Fhe shin was cosed wath
clamps Anesthesi was mamtnned dunng thisentire tme fapprovmatels 36 mim Pedal retles was moni-
tored to assure mamtenance ob adequate anesthesia depth Animals were allowed 1o reedim conscousness
inandisdual Cages atter completion ot the iradiation exposase and sutgicat dosure The influence ot
anesthesia and surgers on soevesal atter TBE was anabvzed b iradiating anemalds in the same restramnt
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FiG. 1. Physical setup for exposure to {8 MeV linear aceelerator (LINAC)

holders with or without anesthesia. AH of the animals without anesthesia and some of the animals under
anesthesia did not undergo surgery.

Irradiation

An 18 MeV Linac Accelerator was used at a dose rate of 10 Gy/min. A bremsstrahlung beam with an
average energy of 6 MeV was produced by electrons impinging on a 4-mm water-cooled tantalum target.
The dose per pulse was determined prior to irradiation of cach group of animals. The restraint device
allowed for shielding of the exteriorized portion of the small intestine with 18 cmy of lead during irradiation.
Figure 1 s a diagram of the physical setup. Ten centimeters of the small intestine or multiples thereof was
shielded while the semaindes of the rat's bady was exposed. The tollowing intestinal segments were
shiclded: the first 10, 20. or 40 ¢m of the proximal small intestine: the last 10, 20, or 40 ¢m of the distal
small intestine: the middie 40 em of the small intestine: or the entire 80 em of the small intestine. Even
radiation exposure was monitored by twao 1onization chambers in the ficld that were calibrated to the
midline dose in a rat phantom for cach irradiation day. The actual dose delivered was alwavs within = 3%
of the prescnbed dose.

Daose measurements were made with iomizatton chambers and thermolumimescent dosimeters ¢ T1Ds)
placed 1 an acnylic rat »Yantom. lonization chambers were used to determane the dose rate according to
the protocol establi<” .y Task Group 21 of the Amierican Association of Phyaaists in Mediane (743,
The T1.Ds were usee 1o determine dose uniformits and the effectivencess of the shielding

{imad Care atter treadiation

Rats remained in individual cages atter the rradiation. They were evaluated tor appetite. hyvdration,
health status, und diarrhea twice a day dunng the normal work week and once datdy during the weekends
Monbund ammals were cuthanized by CO L nhalanen.

Vorphomerric Wnaly s

Computenized morphometnie studies (Broguant System 1V R & M Brometnes, Tne s Nasharlle, TN
19X were pertormed on tissues obtamned trom monbund animals, The small istestine scamples were
taken at 3010, 20, 40,60, and 70 cm of an aserage 80 cm total length T he samiples at 20 (provmal) and
60 cm (distab were selected tor complete histologreal and statstical analvas The tssaes sere tived in 107
buttered formalin. Transverse sections were embedded i parathn Five nucron sections were cat. placed
on glass shdes, and stamned with hematons] noand cosin s At least hive shides per ammat weee analbszed tor
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Fici. 20 Relative dose distnibution in plastic rat phantom in percentage of dose in midphantom using
intestinal shielding. The same orientation is used for A and B.

cach sample. Tissues of three or more animals were used per parameter. Only crvpts containing viable celis
were counted. Crypts were scored per millimeter of arcumterence. Crypt depth was recorded i mithme-
ters. Crypt depth was measured from the base of the villus to the musculans mucosa. The base of the villus
was determined by comparing several adjacent villi and drawing an arbitrany line through the assumed
beginming of the svillus and the top of the erypt. Villus height and villus-crypt length were measured in
mithimeters. Cell numbers were analyzed for the combined length from the bottom of the envpt 1o the 10p
of the villus, because the division between villus and crvpt was considered arbitrany

RESUL IS

Dosimerry

Dosimetry results are summarized in Fig. 2. The rat’s body received a homoge-
necous dose (maximum/minimum ratio  1.08). The shielded intestine positioned
more than S mm from the edge of the shicld received less than 177 of the midline
body dose.

Dose-Eflect Curve

The LD was 10.0 Gy while the 1D, was 12.5 Gy, Anesthesia increased both
of these 1.D,’s by approximately 1.0 Gy (Fig. 3. The addition of surgery decreased
the LD, for the intestinal syndrome death by approximately 0.5 Gy,
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Fic.. 3. Lethality after total-body irradiation in anesthetized and unanesthetized rats. Ten to 20 rats per
point. Suhid circles indicate death before Day 6 (intestina) syndrome). Open circles indicate death before
Day 30 thematopoietic syndrome). The diamond symbol indicates animals that died before Day 6 that
received anesthesia but no surgery. The broken lines connect results in rats that received anesthesia and
surgery. The drawn hines connect results in rats that did not receive anesthesia or surgery.

Shielding of the Small Intestine

Shielding of as littie as 10 cm of the small intestine increased survival time signifi-
cantly (P < 0.05). Shielded animals died between days S and 9 after TBI (see Fig. 4

Small
Intestinal TB) Intestinal | ! Bone Marrow
Shielding (cm) Dose (Gy) Death ! J Death
] 1
\ ) [0)
0 9.0 ; > 8
o 1o foNOMORCIING
) A @ ©®
0 12.0 ; -
0 13.0 @ ‘
0 15.0 Q !
0 17.0 :
! { [N
0 0 —r + > 10
Proximal 10 15.0 = _© g ;
Proxima! 20 150 o O OO, o ¢
Proximal 40 150 = Q_@ '
Distal 10 150 = s %_@ ® i
Distal 20 15.0 =4 Q : o) d)
Distal 40 15.0 e J® Q ©® X
Middle 40 15.0 offm " @ g y @
Algo 150 w0 B LB 4y
0 2 5 9 12 14

Days After Irradiation

Fic,. 4. Montahty of irradiated and shielded rats after total-body irradiation. Ten 1o 20 rats per point.
Number of deaths per day 1s eircled. Day of death of last animal s indicated by vertical mark. Continuation
of survival is indicated by >mark and the number of survivors to Dav 14 is indicated.
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I'ABLE |

Survinal Time of Rats after 15.0 Gy Irradiation

Small irestne Shieldimg Groyp Vean survival
stithedtion (g A tdary = SEN
Entire 0 27 4.6 +0.21
Promimal 1 9 frd - 0 1RY
Proumal 20 10 5.6+ 02600
Provimal 40 12 62+ 017
Distal 10 9 6.3+023
Distal 20 9 T 0200
Distal 40 18 6.8 018
Middie 40 11 6.3+ 0,367
Foure 80 Y Y2+ .99

P - 008 gpmbeant ditference from 0 cm (no shielding).
" < 0035 ggmbicant difference between shielding groups.

and Table I). Shielding of the proximal small intestine was less effective than distal
shielding. A gradual increase in survival time of shielded animals was noted with
increasing length of intestine shielded. In contrast. the dose-eflect TBI studies in un-
shiclded animals showed a discontinuous distribution of survival times, i.c.. <Day §
for intestinal syndrome death and =Day 9 for hematopoietic syndrome death. The
survival times of animals in different groups are shown in Table | and were compared
using a f test.

Histopathology of Shielded and Irradiated Small Intestine

The highest number of crypts was found in the unirradiated proximal small intes-
tine. Shielding protected the crypts in the distal small intestine completely (10077 ) but
was less effective in the proximal small intestine (75% ). Proximal shielding increased
survival of ervpts in the irradiated distal small intestine by 357 (Fig. 3. see ascending
arrow). However. distal shielding did not increase the number of crvpts per millimeter
in the proximal and irradiated small intestine (Fig. S. see descending arrow).

Proximal shielding did not change crypt depth in the irradiated distal intestine. In
contrast, shiclding the distal small intestine increased the crypt depth in the irradiated
proximal small intestine (Fig. 6. see arrows). Crypt depth in the shielded distal small
intestine was significantly increased compared to the unirradiated control on Dav 6
(P < 0.01). However. this effect was transient since it was no longer observed on
Day 7.

Villus height was greater in the unirradiated proximal small intestine than in the
unirradiated distal small intestine (P < 0.01). Villus height in the proximal small
intestine was decreased by irradiation and conserved by shiclding (Fig. 7). Distal
shielding did not alter villus height in the irradiated proximal small intestine. How-
ever, with proximal shiclding, the villus height in the irradiated distal small intestine
was significantly (# < €.01) greater than the unirradiated control (Fig. 7. ascending
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arrow). With distal shielding. the villus height in the distal-shielded small intestine
was increased to 200 of the unirradiated controls. This effect appeared to be sus-
tained until at least Day 7 (Fig. 7. descending arrow).

Results were best explained by the release of humoral faciors (see Discussion). Hu-
moral factors produced in shielded segments of the small intestine appeared to induce
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cell replication in the irradiared small intestine (Fig. 8. see arrows). Humoral factors
released by the tissues that were irradiated influenced the shiclded distal small intes-
tine. The cell number in shiclded distal small intestine was decreased compared to
unirradiated controls (Fig. 8). whereas the villus-crypt length in the same tissue was
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body irradiation. P yalues apply to labeled bars in the same anatoncal location onls
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increased compared to unirradiated controls (Fig. 9. sec arrow). indicating that cell
size had increased.

In summary. the supportive evidence that the shielded proximal small intestine
influenced the irradiared distal small intestine. probably by release of a humoral fac-
tor was (a) accelerated regeneration of crypts (Fig. 5): (b) increased villus height (Fig.
7). and (¢) increased cell number (Fig. 8). Similarly, that the shiclded distal small
intestine influenced the irradiared proximal small intestine was indicated by (a) in-
creased crypt depth (Fig. 6) and (b) increased cell number (Fig. 8). Humoral factors
released by irradiated tissues appeared to increase cell size in the shielded distal small
intestine only (Figs. 8 and 9).

DISCUSSION

Shielding the small intestine from radiation improved survival and resulted in
changes in the intestinal mucosa. These studies required the use of anesthesia (Keta-
mine and Xvlazine) which introduced a dose-modifving factor of approximately
1.15. The 1D« and the LDs, « for mice restrained during TBI without anesthesia
are also higher than for unrestrained animals.” The radioprotective effect of anesthe-
sia or restraint has been attributed to various mechanisms which include: (i) modula-
tion of th.c central nervous system:” (ii) the induction of hyposia in cells; and (iii) a
direct radioprotective effect (135, 76). In contrast. radiosensitization by anesthetic

“HJ Rewzer. Protection of Hematopoietic Stem Cells duning Oy totonie Freatment. PhoD. thesis, State
Universits of f ciden, 1976,
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agents has also been observed in normal and malignant tissues in mice (/7-19). There
is a need for further clarification of the interactions between anesthesia and radiation.

Shielding the small intestine from radiation increases the survival time. Data in
Fig. 4 indicate that intestinal shielding changed the time of death of rats given 15 Gy
TBI to a period midway between the classic iniestinal syndrome (4-6 days) and the
classic hemaiopoictic syndrome (9-30 days). If the intestinal crypt stem cells were
the only determinant of survival after TBI. shielding of the small intestine should
increase survival into the range associated with hematopoietic syndrome (=9 davs)
as soon as enough crypt stem cells are shielded. However, since this was not observed.
factors other than the intestinal crypt stem cells appear 10 influence survival. The
survival times obtained in shielded animals in our experiments are similar to those
observed by previous investigators (//-13). However, we were able to quantify the
effects of shielding the small intestine more precisely by: (4) using higher energy pho-
tons that allowed for more precise shielding: (b) using a more detailed dosimetry; (¢)
comparing our results to a TBI dose-cflect curve for unshiclded animals: and (d)
making a quantitative morphometric analysis of shielded and irradiated small intes-
tine histology after irradiation. The strip of shielded intestine that received a higher
dose than the rest of the shielded intestine is so small that it is not considered to
influence our results (sce Fig. 2).

The protective eftects of shiclding from radiation can be explained in several ways.
One possibility 1s that cells mayv migrate from shielded to irradiated sites. The classic
example is the protective effect of spleen or leg shielding in the lower lethal TBI dose
range (20). It has becn shown that hematopoietic recovery results from migration of
stem cells from the shielded body arcas (2/-23). Recovery from intestinal radiation
damage is unlikely to occur by migration of stem cells from shielded small bowel to
irradiated small bowel. Instead. we postulate that humoral substances contribute to
recovery from intestinal radiation injury. Humoral substances are released after irra-
diation and may influence the intestinal mucosa at shielded or irradiated sites by
stimulating cell proliferation. cell traftfic. or cell function after TBI. Prior studies of
intestinal growth control mechanisms have indicated that intraluminal as well as cir-
culatory factors are involved (24). The observation that shielding of the distal small
intestine influenced the mucosal histology of the irradiated proximal small intestine
supports the idea of a systemic transport of such a humoral factor and not intraintesti-
nal lumen transport of that particular factor.

Humoral factors released by irradiated tissues would appear to differ from those
released by shielded tissues. The tormer produce changes in intestinal cell size, the
latter in intestinal cell proliferation (see Figs. 8 and 9). lrradiated tissues might release
factors from cells damaged by radiation. In contrast. shielded tissues can produce
factors actively as part of a physiological response to damaged intestinal mucosa.
Known factors that should be considered include (i) pleiotropic growth regulators
(hormones) such as gastrin, glucagon. thyroid hormone, or others (24): (ii) chalones
that specifically suppress intestinal growth and change in concentration after irradia-
tion (25); and (in) growth factors which are not identified yvet that are specific for
the intestinal mucosa renewal system and comparable to factors identified tor the
hematopoietic system (26). The nature and number of humoral factors involved in
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regeneration of intestinal tissues after irradiation can be determined only by biochem-
ical identification. separation, punfication. and testing of such factors by bioassay
systems. The findings in this communication provide a good start for such assays.
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INTRODUCTION

In 1985, the Armed Forces Radiobiology Research Institute (AFRRI) acquired &
80 kVp x-ray irradiator (figure 1) from Argonne National Laboratory, Argorne,
IL, for cellular radiobiology experiments. This irradiator is similar to one used
by Elkind and Sutton (1) for their landmark investigations. The shielding,
space, and logistical requirements for the irradiator are minimal, allowing it to
be conveniently located in a typical laboratory. DBecause of its simplicity of
operation and inherent safety mechanisms, an investigator or technician can
qualify easily to use the radiation source independently.

This report describes the dosimetry methods used to calibrate the beams planned
for cell irradiations. Measurements of exposure rate, beam quality, and field
uniformity were made with a thin-window, parallel-plate ionization chamber.
Elkind and Sutton (1) used a variable-volume extrapolation chamber to provide
dosimetry for their irradiator because of its excellent capability of measuring low-
energy photons.  We had the good fortune to use Elkind’s variable-volume
extrapolation chamber for comparison with the parallel-plate chamber.
Comparison of the dosimetry data showed very good agreement between results
obtained by the two methods.

Figure 1.  AFRRI laboratory irradiator for cellular
radiobiology.




MATERIALS AND METHODS

Irradiator

The x-ray irradiator consists of a x-ray machine (Model No. DXE-225, General
Electric Company, Milwaukee, WI), a x-ray tube (Model No. OEG-60, Machlett
Laboratories Inc, Stamford, CT), and a shielded cabinet. The x-ray machine
operated at peak voltages and currents of up to 60 kVp and 25 mA,
respectively. The tube head is water-cooled for continuous operation. The
tungsten target angle is 45 degrees to minimize anode heel effects. The tube
window has an inherent filtration of 1.5 mm of beryllium (Be), which allows
passage of a significant portion of the low-energy x rays. The irradiation time
is controlled by a microprocessor-based solid-state timer (Model CX300, Eagle
Signal Industrial Controls, Davenport, WI).

The irradiation cabinet has interior dimensions of 56 cm by 42 c¢cm by 45 cm.
The inner walls (including the door, top, and bottom) are lined with 2 mm of
lead for effective personnel protection. A plastic shelf inside the chamber
provides a stable, highly repeatable platform for experimental dosimetry devices
and cell samples. The shelf is movable in the vertical (Z) axis by increments of
1 cm. The Z axis is at the center of crossed lines etched into the plastic shelf.

Radiation surveys at the exterior surface of the irradiator during operation at
maximum power have shown no radiologic hazard due to beam leakage, thereby
permitting experimental preparations to proceed in the lab during irradiation.
The only detectable response was 0.5 mrem/hour on contact with the x-ray tube.
At 10 cm from the tube, this response was negligible. As a precaution, two
safety lights (and an audible alarm, if activated) alert occupants in the
laboratory when x rays are being generated. Also, an interlock mechanism
prevents the machine from working when the cabinet door is open and
automatically turns the irradiator off when the door is opened during operation.

Beam Filtration

Aluminum (Al) filters were added at the exit port of the Be window to increase
the effective energy of the x-ray beam by removing many of the low-energy x
rays (2). Three thicknesses of Al (that is, 0.633 mm, 0.180 mm, and 0.012
mm) were used for all dosimetric measurements. The tube voltage and current
used were 50 kVp and 20 mA, respectively. The 0.633-mm Al filter was used
for intercomparison measurements because it simulates a field at the National
Institute of Standards and Technology (NIST), Gaithersburg, Maryland, and was
used to calibrate the parallel-plate ion chamber. The 0.180-mm Al filter is
comparable to that used by Elkind (1). The 0.012-mm Al filter provides
negligible filtration of low-energy x rays, hence, it offers a higher dose rate.




Culture Dish Arrays

Typically, cells are ma ntained in tissue culture petri dishes under monolayer
growth conditions bathed in nutrient media to a depth of about 3 to 5 mm
(approximately 5 ml per 30-mm-diameter dish or 20 ml per 100-mm-diamete:
dish). The petri dish is czpped with a plastic covi1 approximately 1 mm thick,
which assists both to inaintain sterility and to decrease evaporative loss of
media.

The x-ray energy spectrum produced at a peak voltage of 50 kV and with
added Al filters readily undergoes attenuation by :he plastic tissue-culture petri
dish covers or the culture media. For example, using a beam hardened with
0.180 mm of Al the attenuation due to the mediun. can be as high as 60%, and
the plastic cover will reduce the beam an idditional 15%. Further,
inconsistencies in the thickness of medium above the cells can result in large
changes in the x-ray energy spectra reaching the coll:. To avoid these problems,
Elkind and Sutton (1) irradiated cells with a minimum of absorbing material
between the radiation source and biological target. An ultra-thin cover of plestic
wrap (Saran) secured in a plastic ring with brass screws substitutes for the petri
dish cover during irradiations and decreases the possibility of contamination
without severely diminishing the photon fluence Further, all excess culture
me:lia was aspirated from the petri dish, leaving the cells without a significaat
me:lia-induced shielding during irradiation.

Rejroducibility of the positioning of the biological ':rget material relative to the
rad ation source was accomplished in the followirg manner. Either 60-mm or
100 mm-diameter tissue-culture petri dishes were pleced on the plastic tray i1
cus'om acrylic holders to provide several arrays fcr .rradiation (figure 2). Th2
pet:i dish array was centered on the Z axis of :] ¢ irradiator by a centering
plare. Cell cultures can be irradiated at r«. 11 temperature or at tln
tem»erature of ice water. For ice water irradiatio .. an adaptor raises the lar..
petri dish by 1 c¢m for ice water to be placed l¢: ath the cell plate, therel:
facilitating a common vertical scale (3).
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Figure 2. Culture dish arrays: a. 100-mm diameter; b.
60-mm diameter; ¢. 60-mm diameter in three dish
array.
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Radiation Detectors

Parallel-Plate lonization Chamber

A parallel-plate ionization chamber made by Capintec, Inc. (Model No. PS-033,
Pittsburg, PA) was used to measure the exposure rate. Its thin window has a
thickness of 0.5 mg/cm? of aluminized mylar, and its sensitive volume is 0.5
cm®. The detector body is made of polystyrene. The chamber was calibrated
at NIST with two x-ray fields (table 1) (4). Appendix A shows the NIST
energy spectrum for the unshielded, 20 kVp calibration field and an energy
spectrum with irradiation parameters similar to the NIST L50 x-ray field (5).
The difference between the calibration factors for the two beams was 2.4%.
This indicated that the chamber response changed minimally over a range of low
energies. Charge accumulation was made with a Keithley Model 616 digital
electrometer (Cleveland, OH) for the duration of exposure. Collecting charge was
the appropriate method of ionization measurement because this is the mode used
by NIST to calibrate the chamber. The half-value layer (HVL) is the thickness
of material required to reduce an x-ray beam to half its original intensity. The
homogeneity coefficient is simply the ratio of the first and second HVL's.
Appendix B shows the method of calculation for exposure and dose rates.

Preliminary measurements on the x-ray irradiator indicated that the parallel-plate
chamber showed negligible ion recombination characteristics and polarity
differences. Readings taken over several days at the same position showed a
precision of *1.5%.

Table 1. NIST Calibration Parameters of Parallel-Plate Chamber

NIST kVp Added filter HVL Homogeneity Calibration factor
field (mm Al) (mm Al) coefficient (R/nC)
L20 20 None .07t .76 6.349
L50 50 639 75 .58 6.502
7




Elkind Variable-Volume Extrapolation Chamber

An extrapolation chamber is an ionization chamber in which the sensitive volume
may be accurately changed by varying the separation distance between the
window and collecting plate. It is a fundamental method of measuring exposure
rate so that instrument calibration is unnecessary (6). Appendix C shows the
derivation of the equations used to compute exposure rate from extrapolation
chamber measurements. The extrapolation chamber (figure 3) used for
comparison with the parallel-plate chamber is a custom device provided by Dr.
M. M. Elkind. The chamber has a 50-pm-thick Be window (1) and a dual
anode with collecting surface diameters of 1 cm and 4 cm. The potential
difference applied to the collecting plate was -1,500 volts per centimeter with
respect to the Be window. The collected current was read on the same
electrometer as used with the parallel-plate chamber. (The difference between
the electrometer current (nA) and charge (nC/sec) modes was measured to be
1.6% with a Keithley 261 Picoampere source in conjunction with a Hewlett-
Packard 85 computer and 3421A Data Acquisition/Control Unit (Corvallis, OR).)

Figure 3. Elkind’'s extrapolation chamber with collecting
plate.




RESULTS
Tube Potential and Timer Accuracy

Peak tube potential and quality assurance measurements for timer accuracy were
made with a Mini-X kVp/Timer Meter (RTI Electronics Lab, AB, Sweden).
The Mini-X was capable of accurately measuring x-ray tube voltage down to 44
kVp and timer accuracy for times up to 20 seconds. The measured value of
kVp from the Mini-X agreed with the x-ray generator settings of 50 kVp and 55
kVp to within +/- 1% and at 45 kVp to within 3.5%. The x-ray timer
setting was consistently 2% higher than the time measured by the Mini-X. This
difference is due partly to the fact that the x-ray timer indicated the full
exposure time while the Mini-X displayed the time that the exposure rate
exceeded 75% of the maximum. To further evaluate the timer accuracy, charge
was collected by the parallel-plate chamber over a range of exposure times for
each beam quality (figure 4). The slopes of the fitted values have units of
nC/sec. Comparison of each slope with the measured current shows an
overresponse of the charge readings relative to the current readings by an
average of 1.5%. This agrees with measurements taken with the picoampere
source. The intersection of each line with the time axis shows negligible offset
from the origin.
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Focal Spot Measurements

The focal spot is the area on the target that accelerated electrons strike to
produce x rays, and it correlates to the effective source size. The focal spot
image of the irradiator was recorded on radiographic film through a pinhole
aperture of 0.2 mm in a sheet of 1.6-mm lead placed midway between the
source and the film. The size of the cffective focal spot was calculated to be 6
mm by 7 mm using a similar triangles technique (7). Figure 5 shows an
enlargement of the focal spot radiographic image.

6 mm

|
-

Figure 5. Enlargement of focal spot image.

Beam Quality

When an energy spectrum of an x-ray beam is not available, its penetrability or
quality is described in terms of its HVL. The material of choice for measuring
beam quality of this irradiator is Al. Because of the space limitation inside the
irradiator chamber, ideal conditions for measuring HVL’s as described by Trout
(8) could not be attained. To approximate the idcal conditions, the distance
between the source and the ‘parallel-plate c’.amber was 36.8 cm with the filter
placed halfway between. A collimator arrangement (figure 6) restricted the beam
to the chamber’s window. Table 2 shows beam quality data for several
thicknesses of added Al at 50 kVp and no added Al at 20 kVp. The
approximate equivalent photon energy for each beam's HVL was referenced from
Johns and Cunningham (7).
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Figure 8. Collimator arrangement used for half-value layer
measurements.

Table 2. Parameters of Beam Quality

kVp Added filter HVL Homogeneity Approximate equivalent.
(mm Al) {mm Al coefficient energy (keV)
20 none 0.058 0.80 8
50 012 077 .70 9
50 18 .16 67 10
50 633 .53 63 19
11




The measured HVL values for the 29 kVp and 50 kVp/0.633 mm Al
measurements are significantly lower than the respective NIST L20 and L50 HVL
values shown in table 1. The differences, which indicate the AFRRI x-ray unit
has a softer energy spectra, are likely due to the various ways the tube potential
is supplied. The NIST power supply is constant potential whereas the
laboratory ::-ray irradiator potential is half-wave rectified single phase.

Parallel-plate Window Transmission

The ability of the parallel-plate chamber to transmit low-energy photons through
the aluminized mylar window was tested by measuring x-ray transmission
through mylar. The HVL of mylar for two different x-ray beams was measured
with the collimator system. The two beams were 50 kVp with 0.633 mm of
added Al and 20 kVp with no added filtration. The measured HVL’s were 876
and 94.4 mg/cm? for the 50 kVp and 20 kVp beams, respectively. The
calculated attenuation due to the chamber window is 0.04% and 0.30% for each
of the respective beams. This method provided an approximation because the
mylar attenuators were not aluminized.

Intercomparison

Intercomparison between the parallel-plate ionization chamber and the
extrapolation chamber was made with AFRRI’s laboratory x-ray irradiator to
verify the parallel-plate chamber’s ability to measure low-energy exposures. The
parameters measured were (a) exposnre rate, (b) falloff with increasing vertical
(Z axis) distance, (c) falloff in field size (X-Y axes), and (d) output charges with
current and voltage. The amount of added filtration used was 0.633 mm of Al.
Unless altered for experimental purposes, the tube voltage, current, and source-to-
detector distance (SDD) were set at 50 kVp, 20 mA, and 19.2 cm, respectively.

Comparison of Exposure Rates

Ionization current measurements were made while changing the distance
separating window and collecting plate of the extrapolation chamber. These
measurements were repeated for both of the available plate collecting diameters
on Elkind’s extrapolation chamber. The results of these measurements are
presented in figure 7. The slope of the fitted line for each set of measurements,
when applied to equation 1 of appendix D, resulted in the exposure rate at the
midpoint of the chamber. The intercepts of the extrapolated lines on the
abscissa fell at about 0.09 cm.
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Table 3 shows the values used to evaluate the exposure rate. The
exposure rate of the four extrapolation measurements was 10.5 R/sec,
standard deviation representing 1.67 of the mean. The exposure rate as
measured by the parallel-plate chamber was 10.6 R/sec. The method used to
calculate the exposure rate to the parallel-plate chamber is equation 1 in
appendix B. The excellent agreement between these two methods establishes a
link between the landmark radiobiology experiments of Elkind and colleagues at
the Argonne National Laboratory and those performed with the new unit at

average
with a

AFRRL
Table 3. Exposure Rate Evaluation of Extrapolation
Chamber and Parallel-Plate Chamber
Diameter Temperature p Slope X intercept X
Chamber* Day (cm) (€ {mm Hg) {AA bh) (em) (R sec)
EC 1 4 22.8 753.8 43.8 0.107 10.8
EC 1 1 22.6 7538 2,78 093 10.7
EC 2 4 201 7570 12.7 ROLE 103
EC 2 1 20 7.0 2.7 83 10.5
Ppe NA NA NA NA NA NA 10.6
*EC - extrapolation chamber; PPC - parallel-, iate chamber

13




Inverse Square Measurements

The measurement of beam falloff with increasing distance from the source was
made with the parallel-plate and extrapolation (4-cin diameter only) chiambers.
Figure 8 shows the ratio of the observed to expected values ar successive
distances from the source. The point of normalization was 19.2 cm from the
source. After 16 cm, the falloff of both chambers vielded an inverse square
relationship to within 1.  Additional measurements were made by the parallel-
plate chamber along the same axis with added filters of 0.180 mm and 0.012
mm Al.  Figure 8 compares these data and shows that filtration with thinner
filters caused greater deviation from the inverse square law. Thisx was the
expected result because air acted as an cffective attennator for the low-energy x
rays transmitted through the thin filters. The slopes of the two lines were
approximately 0.006 cm™l, which was consistent with the linear attenuation
coefficient for 10 keV x rays in air (7).
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Figure 8. Radiation output measuremrents normalized to
expected values. Expected values were calculated using
the inverse square law referenced to the output at 19.2
cm distance.
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Beam Falloff in the X-Y Plane

Beam intensity measurements in the horizontal plane at 19.2 c¢m were made with
the parallel-plate and extrapolation (4-cm diameter only) chambers.  The
measurements were made diverging from the geometrical center toward the frant,
back, left. and right. The values were normalized 1o the geometrical center,
Figure 9 shows field distribution was in excellent agreement between the paralicl-
plate chamber and 4-cm-diameter extrapolation chamber. The center of thie field
was at the geometrical center of the beam for both climmbers. The diamceters of
the fields for 93¢0, 92.5%, and 907 uniformity arc 4.7 cur. 6.3 e, and 7.3 cm.
respectively.
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Figure 9. Intercomparison of field uniformity measurements.

Tube Current and Voltage

The linearity of the x-ray output with tube current over a range of 8 mA to 25
mA was evaluated by the parallel-plate chamber and both collection plate
diameters of the extrapolation chamber. Figure 10 shows the tube current
dependence of each ionization chamber’s response as normalized to its sensitive
volume. The results show excellent agreement and linearity over the entire
range of x-ray tube current.
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Figure 11 shows the effect of varying tube voltage on each chamber’s volume-
normalized response. Agreement between the two anode diameters of the
extrapolation chamber was quite good. Agreement of the parallel-plate chamber
was also good at lower voltages, but shows an overresponse at higher voltages,
which peak at 5% at 50 kVp. The data in figure 11 were fitted with both
linear and power function curves, as shown. Both the linear and power function
correlation coefficients were greater than 0.995.
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Figure 11. X-ray output as a function of tube voltage.
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Dosimetry Measurements

The cellular dose was calculated from parallel-plate measurements taken along the
Z axis for three beam parameters. The beam parameters were 50 kVp with
added filtration of 0.633 mm, 0.180 mm, and 0.012 mm Al. Equation 2 of
appendix B shows the method of dose calculation. Tables 4-6 show the dose
rate at incremental distances from the source at the geometrical center for the
single-plate arrays. The hole number is the position where the plate was placed
to attain the respective source-to-cell distance. One shelf height was for the
room temperature setup and the other was for the ice water setup. The
uniformity measurements at each distance were derived from falloff measurements
in the X-Y plane at several Z-axis positions for each beam. From those
measurements, cones of uniformity were constructed to ensure 90%, 92.5%, and
95% uniformity across the plate. Thus, an investigator can use the dose rate
and uniformity that best suits the experimental needs.

While taking beam profile measurements with the thinner filters, we observed
that the point of maximum beam intensity was offset from the vertical axis
towards the back of the cabinet (-Y direction). This effect was enhanced at
greater source-to-detector distance (SDD). The displacement for the 0.180-mm Al
beam was 0.3 cm at 15 ecm SDD and increased to 1 c¢m at 40 ¢cm SDD. The
displacement of the 0.012-mm Al beam was 0.5 cm at 15 cm SDD and increased
to about 2 c¢m at 40 cm SDD. While this effect was not fully characterized, it
probably resulted from a variation in the x-ray energy spectrum across the x-ray
beam in the direction of the anode-cathode axis. Because the offset varied with
both the SDD and added filtration, the irradiation arrays were left in place at
the X-Y plane origin. As a result, the cone of uniformity was slightly narrower
than if it had been centered at the point of peak intensity. In the worst case,
the deviation of the maximal intensity from the intensity at the geometric axis
was 0.5%.

Incomplete aspiration of culture medium from the petri dishes before irradiation
can markedly influence the uniformity of cellular x-ray dosage. This was
demonstrated by the results of a pilot experiment on x-ray dose response and
cell survival that used the 0.012 mm Al filter. An anomalous cluster of cell
colonies around the periphery of the culture plate was observed in the high
radiation dose samples. Investigation into this abnormality suggested that this
effect was produced by the shielding of x rays by a meniscus of excess culture
fluid that was created by not aspirating all of the excess cell culture medium
from the petri dish. This was confirmed by repeating the experiment with
complete medium aspiration (that is, all of the excess medium was removed),
which resulted in the elimination of the ring of colonies. Upon the addition of
incremental amounts of medium, the medium-induced shielding around the outer
edge reappeared. Figure 12 shows cell survival populations after staining when
the culture medium had been aspirated completely, followed by the addition of
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Table 4. Dose Rate Chart of 0.633-mum Al Beam

Uniformity of cell irradiation

Shelf height (percentage)

Hole # Hole # sSDD Dose rate 60-mm 100-mm Array of 8
Room temp Ice water (e¢m) (c¢Gy/s) dish dish 60-mm dishes
9 10 15.3 14.6 92.5 NA NA
10 11 18.3 12.8 92.5 NA NA
11 12 17.3 11.4 95 NA NA
12 13 18.3 10.2 95 NA NA
13 14 19.3 9.17 95 90 NA
14 15 20.3 8.29 95 90 NA
15 16 21.3 7.58 95 92.5 NA
16 17 22.3 6.87 95 92.5 NA
17 18 23.3 6.29 95 92.5 NA
18 19 24.3 5.87 95 92.5 NA
19 20 25.3 5.33 95 92.5 NA
20 21 26.3 4.94 95 92.5 NA
21 22 27.3 4.58 95 92.5 90
22 23 28.3 4.26 95 95 90
23 24 29.3 3.98 95 95 90
24 25 30.3 3.72 95 95 90
25 26 31.3 3.48 95 95 92.5
26 27 32.3 3.27 95 95 92.5
27 28 33.3 3.08 95 95 92.5
28 29 34.3 2.90 95 95 92.5
29 30 35.3 2.74 95 95 92.5
30 31 36.3 2.59 95 95 92.5
31 32 37.3 2.45 95 95 92.5
32 33 38.3 2.33 95 95 92.5
33 34 39.3 2.21 95 95 92.5
34 35 40.3 2.10 95 95 92.5
35 36 41.3 2.00 95 95 92.5
36 37 42.3 1.91 95 95 92.5
37 NA 43.3 1.82 95 95 95
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Table 5. Dose Rate Chart of 0.180-mun Al Beam
Uniformity of cell irradiation
Shelf height [percentage)

Hole # Hole # SDD Dose rate 60-mm 100-mm Array of 3
Room temp Ice water (em) (cGy/s) dish dish 60-mm dishes
9 10 15.3 71.6 92.5 NA NA
10 11 16.3 62.7 92.5 NA NA
11 12 17.3 55.4 92.5 NA NA
12 13 18.3 49.4 92.5 NA NA
13 14 19.3 44.2 95 NA NA
14 15 20.3 39.7 95 NA NA
15 16 21.3 36.0 95 90 NA
16 17 22.3 32.7 95 90 NA
17 18 23.3 299 95 90 NA
18 19 24.3 274 95 90 NA
19 20 25.3 25.1 95 90 NA
20 21 26.3 23.2 95 92.5 NA
21 22 27.3 21.5 95 92.5 NA
22 23 28.3 20.0 95 92.5 NA
23 24 29.3 18.5 95 92.5 NA
24 25 30.3 17.3 95 92.5 NA
25 26 31.3 16.2 95 92.5 NA
26 27 32.3 15.2 95 92.5 90
27 28 33.3 14.2 95 92.5 90
28 29 34.3 134 95 92.5 90
29 30 35.3 12.6 95 95 90
30 31 36.3 11.9 95 95 90
S1 32 37.8 11.2 95 95 90
32 33 38.3 10.6 95 95 90
33 34 39.8 10.1 95 95 90
34 35 40.3 9.5 95 95 92.5
35 36 41.3 9.1 95 95 92.5
36 37 42.3 8.6 95 95 92.5
387 NA 43.3 8.21 95 95 95
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Table 6. Dose Rate Chart of 0.012-mnm Al Beam

Uniformity of cell irradiation

Shelf height {percentage)

Hole # Hole # SDD Dose rate 60-mm 100-mm Array of 8
Room temp Ice water (em) (eGy/s) dish dish 60-mm dishes
9 10 15.3 293 90 NA NA
10 11 16.3 255 92.5 NA NA
11 12 17.3 224 92.5 NA NA
12 13 18.3 198 92.5 NA NA
13 14 19.3 176 95 NA NA
14 15 20.3 158 95 NA NA
15 16 21.3 142 95 90 NA
16 17 22.3 128 95 90 NA
17 18 23.3 117 95 90 NA
18 19 24.3 106 95 90 NA
19 20 25.3 97.4 95 92.5 NA
20 21 26.3 89.5 95 92.5 NA
21 22 27.3 825 95 92.5 NA
22 23 28.3 76.2 95 92.5 NA
23 24 29.3 70.6 95 92.5 NA
24 25 30.3 85.6 95 92.5 NA
25 26 31.3 61.1 95 92.5 90
26 27 32.3 57.0 95 92.5 90
27 28 33.3 53.4 95 95 90
28 29 34.3 50.0 95 95 90
29 30 35.3 47.0 95 95 90
30 s1 36.3 44.1 95 95 90
31 32 37.3 41.6 95 95 90
32 33 38.3 39.3 95 95 92.5
33 34 39.3 37.1 95 95 92.5
34 35 40.3 35.1 95 95 92.5
35 36 413 33.3 95 95 92.5
36 37 42.3 31.6 95 95 92.5
37 NA 43.3 NA 95 95 92.5
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up to 0.5 ml of medium before irradiation. Notice that a shielding effect was
present with as little as 0.1 ml of medium added to the dish. A similar effect
was present for the triple-dish array.

Figure 12. Meniscus effect for essentially unfiltered (0.012
mm Al) beam. The cell cultures were aspirated to
completeness with increasing amounts of culture fluid
added: (a) O ml, {b} 0.1 ml, (c} 0.3 ml, and (d) 0.5
ml.

SUMMARY

Dosimetry measurements have been performed on the AFRRI laboratory x-ray
irradiator for three different cell culture dish arrays positioned at a range of
distances from the x-ray tube. The device used for these measurements was a
parallel-plate ionization chamber with a thin aluminized-mylar window.
Intercomparison with an extrapolation chamber showed excellent agreement
between these independent measurement methods. Results are presented for
radiation dose rate, uniformity, and beam quality for operation of the tungsten
target, Be window x-ray tube at 50 kVp, 20 mA, and with filters either 0.012
mm, 0.180 mm, or 0.633 mm thick. The data in this report establish a
dosimetric link between the cellular radiobiology research to be performed at
AFRRI with the laboratory x-ray irradiator and the landmark work performed
by Elkind and Sutton (1) with a similar device.
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APPENDIX A. X-RAY ENERGY SPECTRA
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Figure A-1. X-ray energy spectrum for 50 kVp and 0.65
mm Al filtration. The solid line shows the spectral
distribution of x-ray energy, and the dash line shows
that of x-ray fluence. Redrawn from reference (3).
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Figure A-2. X-ray energy spectrum for 20 kVp and no
added filtration. The solid line shows the spectral
distribution of x-ray energy, and the dash line shows
that of x-ray fluence. Redrawn from reference (5).
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APPENDIX B. EXPOSURE AND DOSE CALCULATIONS FOR
THE PARALLEL-PLATE IONIZATION CHAMBER

tp

)

f
water

bs

SwW

Ui

W n

i n

N

X = (aQ/At) N ke, (B-1)

exposure rate in R/s

charge collected over time interval At SnC/s)

chamber calibration factor (see table 1). The calibration factor
winose HVL and homogeneity iactor most closely reseiubles the
values measured for each ficld was chosen for that field. The
uncertainty in applying this method is approximately 1%.

6.502 R/nC for 0.633 mm added Al beam

6.349 R/nC for 0.180 mm added Al beam

6.348 R/nC for 0.012 mm added Al beam

correction to standard room temperature and pressure

D==Xr¢ k,  k (B-2)

water " bs sw

absorbed dose rate to cell medium (cGy/s)

factor that converts exposure in air to dose in water, which
approximates the cell media. This is an energy dependent
value, although it varies less than 2.5% over the equivalent
energy ranges involved (7).

0.886 for 0.633 mm added Al beam

0.902 for 0.180 min added Al beam

0.905 for 0.012 mm added Al beam

correction for backscatter. This correction was assumed to be
1.00 because the amount of plastic behind the ionization
chamber was approximately the same as behind the cells.

= correction for attenuation due to plastic wrap. This correction

was only applied to the 0.633 mm Al beam. Plastic wrap was
included in the measurements of the other fields.
1.02 for 0.633 mm added Al beam
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APPENDIX C. DERIVATION OF EXPOSURE RATE CALCULATION FOR
EXRAPOLATION CHAMBER (3)

a. Definition of Exposure:
1 R in dry air for x or 7 rays = 1 esu charge / cm3 at STP

1R = 3336 x 100 c/en®

b. Conversion of C/cm:3 to axnp—s/cn13 at »TP
Given: 1 amp =1 C/s
1 C =1 amp-s
© 1 R = 3.336 x 0710 a1np-s/cn13
and 1 R/s = 3.336 x 10710 amp/cm3

c. Define:

1 R/s 9 3
K = = 2.998 x 10° [(R/s)/(amp/cm")]

3.335 x 10710

K 4Q/dt [ R/s ] I (amp)
_ K
VSTP amp/cm3 vS'I‘P (cm3)

1)

2.998 x 10° (I/Vgpp)

where I = current of charge generated in air volume V at STP conditions




. . . . 2
e. Volume of a right circular cylinder (V) = # r h
where r is the radius and h is the height
Correct the air volume to room temperature and standard pressure.

205.15 P
VsTP = [——————————~—} [~————] (r r2 )

T + 273.15 760

. . . O . .
wherc T is the air temperature in "C and P is the atmospheric pressure
in mm of mercury.

(C-1)

T + 273.15 ] [ I ]

£, X = 2.457 x 10° [
P ré h

where r = the extrapolation effective radius (cm)
Ic/h = slope of line from chamber response (amp) vs. separation of
window-anode (cmn)
h = separation distance of the extrapolation chamber window

from the anode
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