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MILITARY MEDICINE, 157, 3:130.1992 

Therapies for Radiation Injuries: Research 
Perspectives 

1. Brook R. M. DeBell 
G. D. Ledney R. I. Walker 
G.S. Madonna 

Exposure to radiation damages the immune, hematopoietic, 
and gastrointestinal components of the host defense system. 
This may lead to serious endogenous or exogenous infections. 
When radiation injury is combined with other physical trauma, 
e.g., burn or wound, the resulting damage to these systems is 
synergistic, and treatment for infection requires multiple ap¬ 
proaches. This paper reviews successful single and combined 
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therapeutic modalities for infections in irradiated mice and ir¬ 
radiated mice inflicted with trauma that are currently con¬ 
ducted at the Armed Forces Radiobiology Research Institute. 
The models of endogenous and exogenous infection and com¬ 
bined injury are described. The management of wounds infec¬ 
ted with bacteria, exogenous systemic infection due to gram¬ 
negative enteric bacteria, and the chemoprophylaxis of enteric- 
derived systemic infection with quinolones is described. Infec¬ 
tions can be treated successfully with proper antimicrobial 
therapy. In gamma- and neutron-irradiated mice, the immu- 
nomodulator trehalose dimycolate (TDM) was effective in treat¬ 
ing endogenous infection. TDM with the antimicrobial ceftriax¬ 
one was effective in treating exogenous infection due to 
Klebsiella pneumoniae. Improvement in managing infection in 
irradiated and injured hosts will require further research using 
these diagnostic and therapeutic modalities. Accurate biolog¬ 
ical dosimetry is critical in determining if victims are at risk of 
developing infection. We found that radiation induced changes 
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in plasma diamine oxidase activity; monitoring these changes 
was a useful indicator of the severity of radiation injury. 

Introduction 

Advances in surgical methods and other medical achieve¬ 
ments have increased survival after trauma, but little im¬ 

provement has been made in preventing later morbidity and 
mortality due to infectious complications. Several hundred 
thousand cases of microbial sepsis occur in the United States 
annually in patients who are immunosuppressed because of 
malignancies, therapeutic interventions, and trauma.1 

Radiation injury is an immunocompromising event that op¬ 
portunistic pathogens can exploit. This was evident in the peo¬ 
ple who died after the atomic blasts at Hiroshima and Nagasaki 
and more recently in accident victims at Chernobyl, U.S.S.R..2 
and Goiania, Brazil. In these incidents, management of fatal 
infections was complicated by a lack of understanding of the 
interaction between conventional traumatic injury and radia¬ 
tion injury (combined injury). Further, in uncontrolled nuclear 
events, the radiation dose, the dose rate, and the quality of 
radiation are often unknown, and the uniformity of the victim's 
exposure cannot be determined easily. Nonuniform exposures 
that spare marrow make bone marrow transplants risky, even 
after high exposures to much of the body, because of surviving 
immunocompetent stem cells.3 However, surviving stem cells 
allow the use of practical therapeutic approaches. 

The nuclear accident at Chernobyl revealed the importance 
of biological dosimetry (the number of peripheral white blood 
cells was used as a measure of radiation damage in the victims) 
in estimating the radiation dose.2 Biological dosimetry can as¬ 
sist in providing proper triage and expeditious medical care to 
injured individuals. 

The therapeutic approaches used to treat patients from the 
recent accidents at Chernobyl2 and Goiania were based on the 
initial administration of oral antibiotics to selectively suppress 
potential pathogenic populations of intestinal bacteria (i.e., se¬ 
lective decontamination). If fever developed in neutropenic pa¬ 
tients, empiric treatment with multiple antibiotics was 
started:2 if fever persisted, immunoglobulin was added (in 
Goiania). In some cases, it was necessary to treat fungal infec¬ 
tions with amphotericin-B and herpes infections with topical 
acyclovir. This approach was satisfactory unless the radiation 
injury was complicated by burns, graft-versus-host reactivity, 
or radiation-induced enteritis. 

The responses of the irradiated host to subsequent skin tis¬ 
sue trauma and infection are important because, as was seen 
after the Hiroshima and Nagasaki nuclear detonation^ and the 
Chernobyl accident, most of the short-term radiation victims 
suffered various degrees of physical trauma. Thus, developing 
effective therapies for treatment of combined injury victims is 
important. 

The ability to manage radiation injuries has advanced with 
the commercial development and availability of cytokines, 
growth factors, and purified nontoxic immunomodulators. In 
one example, a lethal dose of gamma radiation in canines was 
reduced to a sublethal dose by administration of recombinant 
granulocyte colony-stimulating factor (T. MacVittie, un¬ 
published data). In canine studies, animals given fluids, plate¬ 

lets, and antibiotics were significantly more resistant to radia¬ 
tion-induced mortality than those that were not treated.4 

New therapies, combined with conventional management, 
such as that used at Chernobyl, are now being evaluated in 
various models of radiation and combined injury at the Armed 
Forces Radiobiology Research Institute (AFRR1). 

Current research at AFRRI examines treatments for the in¬ 
fectious complications associated with radiation injury alone. 
In this paper, we describe research using some of these thera¬ 
peutic approaches to control infections in animal models of 
radiation and radiation followed by trauma (combined injury). 
We describe animal models used to investigate radiation inju¬ 
ry, our research on antimicrobials and immunomodulators in 
the therapy of radiation injury, and the use of biological dos¬ 
imetry in determining the degree of radiation injury. 

Animal Models of Combined Injury 

In our work, antimicrobial therapies for bacterial infections 
accompanying radiation and tissue injury is evaluated in sev¬ 
eral animal models. Animal models of radiation injury best 
represent the complex interactions between the immune sys¬ 
tem and other systems, such as the gastrointestinal tract. 
Mouse models were previously used to evaluate agents prior to 
clinical use.5 Mice are useful because of their documented re¬ 
sponse to bacterial challenges following irradiation.5 they are 
easy to use, they can be used in large numbers to allow statisti¬ 
cal validation of end points, and they cost less than other ani¬ 
mal models. In our studies, we used 10- to 20-week-old 
B6D2F1/J hybrid female mice free of common mouse patho¬ 
gens, particularly viruses, that interfere with research in im¬ 
munocompromised animals. 

We evaluated responses to irradiation, skin and soft tissue 
trauma, and irradiation followed by trauma and bacterial chal¬ 
lenges. The models are classified as endogenous or exogenous 
bacterial infections (Table I). Responses to the quality of radia¬ 
tion, type of injury, and combined injury were evaluated in 
both models. 

The types of radiation used in mouse models were 6(1Co pho¬ 
tons and mixed fission neutrons and photons produced by a 
Training Research Isotope General Atomic (TRIGA) reactor.7 
All mice were given midline tissue doses of 40 cGy per minute. 
We used LD80/30 radiation doses to induce infections caused by 
endogenous microflora because at this dose effective therapy 
can activate undamaged cell populations and induce hema¬ 
topoietic recovery. We used sublethal radiation doses to induce 
neutropenia, and then challenged the host with bacteria to 
evaluate therapeutic modalities (Table I). 

Studies were performed in the following way. Mice were sub- 
lethally irradiated with the desired radiation dose and quality. 
Within 1 hour after exposure, the animals were fully anesthe¬ 
tized by inhalation of methoxyflurane, and a 1-inch x 1.5-inch 
skin wound or full-thickness skin burn was inflicted on the 
dorsal skin surface.8-9 Saline (0.5 ml) was administered intra- 
peritoneally (i.p.) immediately after injury. The injury covered 
approximately 15% of the body skin surface. In normal mice, 
the skin injuries were nonlethal and closed completely within 2 
weeks. In irradiated mice (7.0 Gy. 60Co), the skin injuries were 
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TABLE I 

RADIATION QUALITIES AND DOSES IN MOUSE MODELS OF 
ENDOGENOUS AND EXOGENOUS INFECTIONS 

Radiation Radiation Radiation 
Type of Radiation Dose plus Burns plus Wounds 
Infection Source (cGyla (cGy)b (cGy),J 

Endogenous 6(,Co 1,0251' 895 830 
TRIGA“ 520 465 415 

Exogenous'' “Co 700 700 700 
_TRIGA 350_350_350 

"All doses given at 40 cGy/minute. 
'■Dorsal skin injuries measuring 1 inch x 1.5 inch were inflicted on mice 
anesthetized by methoxyllurane inhalation within 1 hour after irradiation. 
Saline (0.5 ml) was administered i.p. immediately after injury. 
‘Indicated radiation doses are calculated LDH0/30 for the B6D2F1/J female 
mouse strain. 
“TRIGA reactor was operated at 45 kW to produce a fission neutron to gamma 
ratio of 1:1. Mice were exposed in the radiation field as described elsewhere.6 
'"Exogenous infections were induced by challenging mice with K. pneu¬ 

moniae (K5) at various limes after irradiation and/or injury. 
Unuicated radiation doses are nonlethal to B6D2F1/J female mice. A relative 
bi jlogical effectiveness of 2 was used to select the ratio of neutron-gamma 
radiation (1:1) provided by the TRIGA reactor. 

usually nonlethal but wound closure was prolonged by 1-3 
weeks. 

The organisms that cause endogenous infection after expo¬ 
sure to lethal doses of radiation are d lived from the host’s 
gastrointestinal, skin, and mucous membrane flora. Skin inju¬ 
ries disrupt natural barriers to infection and provide another 
portal of bacterial entry. The organisms that cause most of 
these infections are aerobic gram-positive bacteria, such as 
Staphylococcus spp. and Streptococcus spp. Infections caused 
by gram-negative bacteria were reduced by acidifying the 
drinking water and by using the Micro-Isolator cage system. 

Exogenous infections in irradiated mice were induced either 
by subcutaneous (s.c.) injection or by oral feeding of Klebsiella 
pneumoniae.10-12 Following injection, a systemic infection de¬ 
veloped rapidly (3-5 days), while systemic infection following 
oral feeding took longer (5-7 days). Exogenous infections in 
mice with combined injury were induced by injecting K. pneu¬ 
moniae under the skin of the dorsal anterior area at desired 
intervals after irradiation. Mice with skin injury were chal¬ 
lenged with a known dose of the organism under the burn site 
or on the wound site, 1 or 4 days after the trauma.813 

These radiation models were also used to evaluate biological 
dosimeters and therapeutic interventions of infections, as de¬ 
scribed in the following sections. 

Managing Bacterial Infection after Radiation Injury 

Bacterial Infection after Irradiation 
High doses of radiation were associated with increased mor¬ 

tality in animals,1415 largely due to increased susceptibility to 
various endogenous or exogenous pathogens.15 Following irra¬ 
diation, enteric organisms were recovered from lymphatic or¬ 
gans and the bloodstream.16 

Organisms were detected more often in the spleen, liver, or 
blood of mice exposed to high doses of “Co gamma radiation 
than of mice exposed to lower doses. Bacteria were recovered in 
3 of 100 mice given 7.0 Gy, in 13 of 100 mice given 8.0 Gy, in 23 
of 90 given 9.0 Gy, and in 34 of 87 given 10.0 Gy. We also found a 
relationship between the dose of radiation and the type of bacte¬ 
ria causing sepsis.10 The predominant organisms recovered in 
the tissues of mice given 10.0 Gy gamma radiation were Es¬ 
cherichia coli. anaerobic cocci, and Bacteroides spp. Sta¬ 
phylococcus aureus predominated in mice given 9.0 Gy gamma 
radiation. Most bacteria were isolated between days 9 and 13 
after irradiation. This tendency was probably due to the additive 
effects of leukopenia, immunosuppression, and failure of mu¬ 
cosal barriers to prevent infections during this time.1517-19 

Mice given 6.5 Gy of gamma radiation showed increased 
susceptibility within the wound to challenge with bacteria 
commonly found in wound and soft tissue infections.20 Organ¬ 
isms used for challenge included S. aureus. E. coli. Streptococ¬ 
cus pyogenes, and K. pneumoniae. Quantitative cultures of 
the infected wounds showed 103 to 104 more viable organisms 
in irradiated wounded mice, compared to nonirradiated and 
wounded mice. 

The timing of wounding and bacterial challenge after irra¬ 
diation had a significant effect on the severity of wound infec¬ 
tion.20 Challenging the mice with bacteria on and after the 
third day after irradiation caused the most severe infections, 
coinciding with the development of postirradiation leukopenia 
and thrombocytopenia. Schechmeister et al.21 and Kaplan et 
al.22 also observed that leukopenic mice were more susceptible 
to generalized infection 3-7 days after irradiation. 

Severity of and susceptibility to local infections were directly 
correlated with the radiation dose.6 When mice were infected 
with S. aureus after 60Co irradiation and wounding, infections 
were observed only when the animals were exposed to a radia¬ 
tion dose higher than 7.0 Gy (T.B. Elliott and I. Brook, un¬ 
published data). 

Antimicrobial Therapy of Postirradiation Systemic 
Infection 

Managing infections with antimicrobials in severely immu¬ 
nocompromised subjects is difficult. The efficacy of strep¬ 
tomycin therapy in reducing the mortality of irradiated ani¬ 
mals was demonstrated in the 1950s.23-24 Although 
antimicrobial therapy controlled the bacteremia, it did not pre¬ 
vent death in lethally irradiated animals.23'25 

Brook et al.26 administered gentamicin to lethally irradiated 
mice and reduced the systemic spread of Enterobacteriaceae, 
but not that of anaerobes. However, even the co-administration 
of metronidazole with gentamicin (effective only against anaer¬ 
obic bacteria) did not prevent bacteremia and mortality. 

Administration of penicillin and gentamicin to mice with 
wound infections prevented bacteremia, but was only partially 
effective in eliminating local infection with S. aureus, E. coli, 
and K. pneumoniae.20 

Antimicrobials are essential in controlling local and system¬ 
ic bacterial infections in irradiated hosts, although they are 
more effective in nonirradiated hosts. Irradiation impairs the 
immune system, which is needed to eradicate the organisms. 

Large-scale clinical studies have not established principles 
for managing patients exposed to radiation. However, the expe- 
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rience gained by caring for patients who were accidentally ex¬ 
posed to radiation indicates that managing their infections is 
similar to managing infections in patients who are granu¬ 
locytopenic because of chemotherapy, immunotherapy, or 
therapeutic irradiation. Early empirical broad-spectrum antibi¬ 
otic therapy has become standard practice in the management 
of these patients and has contributed to their improved surviv¬ 
al rate.27 As soon as accurate microbiological identification is 
available, specific antimicrobial therapy is instituted. 

Preliminary reports demonstrate that most patients exposed 
to sublethal alpha, beta, and gamma radiation at Chernobyl 
eventually regained normal neutrophil counts.2 Until neu¬ 
trophil counts are normal, however, it is important to provide 
irradiated patients with antimicrobial therapy against invad¬ 
ing endogenous or exogenous bacteria. 

Microorganisms from different sources, e.g., endogenous llo¬ 
ra of the oral tract, upper respiratory tract, gastrointestinal 
tract, and skin, can cause infections in the immu¬ 
nocompromised host. Some of the organisms are part of the 
normal flora; however, others tend to colonize the mucous sur¬ 
faces after depletion of the immune system. Nosocomial infec¬ 
tions can be acquired from the community, the environment, 
blood products, and catheters. 

Chemoprophylaxis of Enteric-Derived Systemic Infection 

Because the bacterial flora of the gastrointestinal tract is the 
major source of infection in immunocompromised patients,27 
one way to reduce infections in irradiated hosts is by empiric 
suppression of the endogenous gastrointestinal gram-negative 
flora28-30 while preserving the normal anaerobic gut flora. 
This approach was illustrated in studies that demonstrated the 
adverse effects of antimicrobials, which suppress the anaer¬ 
obic flora.26-31 After irradiation, aerobic and anaerobic compo¬ 
nents of the gut flora decrease. This decrease is followed by a 
rapid increase in aerobic and facultative flora.26 

Because exposure to high doses of radiation also induces 
severe changes in the gastrointestinal mucosa, Enterobac- 
teriaceae may easily penetrate the damaged mucosa. Anti¬ 
microbials that suppress anaerobes have deleterious effects on 
irradiated hosts. Brook et al.26 demonstrated that mortality 
increased in lethally irradiated mice treated with metro¬ 
nidazole. Mice treated with metronidazole succumbed to infec¬ 
tion by the 9th day after irradiation, while untreated irradiated 
mice died by the 17th day. The recovery of Enterobacteriaceae 
from tissues of mice treated with metronidazole showed a de¬ 
crease in gastrointestinal anaerobic flora followed by a rapid 
increase in the number of aerobic and facultative organisms, 
compared to untreated irradiated mice. 

These data show that antimicrobial agents effective against 
a wide spectrum of microorganisms may be needed to treat 
severe infections, especially those associated with intra-ab¬ 
dominal trauma. More studies are needed to determine the ap¬ 
propriate use of these agents in irradiated hosts, and to devise 
therapeutic modalities that will overcome their deleterious ef¬ 
fects on the anaerobic gastrointestinal flora. 

Selective decontamination (SD) of the gastrointestinal 
tract,32 i.e., attempts to eradicate only the aerobic gram-nega¬ 
tive bacilli using trimethoprim/sulfamethoxazole (TMP/SMZ) 
or quinolones, has been studied extensively. The systemic ab¬ 

sorption of these agents also eradicates gram-negative organ¬ 
isms that might reach the bloodstream. 

Several studies33-36 showed conflicting data on the efficacy 
of TMP/SMZ to reduce the rate of infection in granulocytopenic 
patients. The recently introduced quinolones have potential for 
use in SD. These agents exhibit broad antimicrobial activity 
against aerobic gram-positive and gram-negative bacteria, es¬ 
pecially against Enterobacteriaceae and Pseudomonas 
aeruginosa,37 and have limited activity against anaerobic bac¬ 
teria. 

We found that oral administration of the quinolones cip¬ 
rofloxacin, pefloxacin. and ofloxacin prolonged the survival of 
irradiated mice38 and was synergistic with the immu- 
nomodulator glucan (M. Patchen. 1. Brook, and T.B. Elliott, un¬ 
published data). Additional studies are needed to compare the 
efficacy of quinolones with other modalities in achieving SD in 
the immunocompromised host. The quinolones may also be 
used to treat systemic infection caused by aerobic gram-nega¬ 
tive or gram-positive bacteria in the immunocompromised 
host.39 

The Role of Immunomodulators in Irradiated Mice 

Severe impairment of the immune system, brought about 
by radiation-induced depletion of hematopoietic stem cells, 
generally leads to death from sepsis of either endogenous or 
exogenous origin. Mortality is higher if there is an additional 
wound or burn injury, i.e., combined injury. However, when 
host defenses are augmented before or after exposure to radia¬ 
tion, the chance of survival increases. Immunomodulators can 
prevent or reduce life-threatening sepsis and stimulate hema¬ 
topoiesis to augment natural resistance in irradiated hosts. 

The immunomodulator we investigated in the glycolipid 
trehalose dimycolate (TDM), which is found in the cell walls of 
mycobacteria, Nocardiae, and corynebacteria.4041 It consists 
of 6.6'-diesters of a, a-D-trehalose. and is an active component 
of Freund's complete adjuvant.42 TDM was chosen because it is 
nontoxic, it stimulates macrophage activity,4344 and it en¬ 
hances resistance to a variety of bacterial and parasitic infec¬ 
tion.43'45-47 

We found that B6D2F1 mice given 50 jxgofTDMin 1% squal- 
ene (oil)-in-water emulsion (TDM/o) 1 hour after irradiation 
(10.25 Gy, 60Co) had an increased 30-day survival rate of 70%, 
compared to 0% for irradiated mice given saline only (con¬ 
trols). However, TDM did not enhance survival in irradiated 
mice that received a 15% total-body surface area wound. 

Cultures of liver homogenates obtained from mice treated 
with TDM/o on successive days after irradiation showed that 
translocated endogenous bacteria were reduced in these mice, 
compared to control mice (Table 11). Furthermore, TDM/o. giv¬ 
en before or after irradiation, increased the number of splenic 
endogenous colony-forming units (E-CFU).11 This assay 
showed that immunomodulators can stimulate hematopoiesis 
and/or redistribute hematopoietic cells to the spleen. 

TDM also increased survival after exogenous bacterial chal¬ 
lenge. Mice were sublethally irradiated (7.0 Gy, 60Co) and given 
TDM/o 1 hour after irradiation, i.p. On the fourth day after 
irradiation, mice received K. pneumoniae (10 x LD50/30), s.c. 
Mice treated with saline died within 3 days, manifesting severe 
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TABLE II 

BACTERIA FOUND IN LIVERS OF IRRADIATED MICE TREATED WITH 
TDM- 

Type of Infection_Day of Culture_ 

(dayO) 13 5 7 9_11 

Saline 0 0 0 45 + 51" 245 + 207 2751 + 1917 
TDM/o_0 0 0 34 + 39 45 + 50 20 + 19' 

-Saline (0.5 ml) or TDM/o (100 /jg in 2% squalene oil emulsion) was injected 
i.p. into 30 B6D2F1 female mice, 1 hour postirradiation (10.25 Gy. 60Co). On 
the indicated days, mice were euthanized, and homogenized livers were cul¬ 
tured on sheep blood agar and MacConkey’s agar for the total number of 
bacteria (CFU/liver). Each value represents the mean + SD of data obtained 
from five mice. 
"Number ofbacteria. 
-The p < 0.5 when the TDM/o value is compared to the saline value on day 11. 

neutropenia and infection. Most mice given TDM/o, however, 
survived (70% survival at 30 days after irradiation).48 The pro¬ 
tective effect of TDM was seen in surviving mice before signifi¬ 
cant marrow regeneration occurred. Increased survival was 
also observed in mice treated with TDM/o and challenged on 
day 14 with K. pneumoniae.48 

We used a combined therapy of TDM/o with ceftriaxone, a 
cephalosporin antibiotic, to further increase resistance to le¬ 
thal bacterial challenge after irradiation. Mice were sublethally 
irradiated (7.0 Gy) and given either saline or TDM/o, i.p., 1 hour 
after irradiation. Four days later, mice from each group were 
challenged with a supralethal dose (5000 x LD50/30) of K. pneu¬ 
moniae. On day 5, mice from each group were injected intra¬ 
muscularly with ceftriaxone (75 mg/kg, daily) or water (con¬ 
trol). Therapy was continued until day 14. Combined therapy 
resulted in 100% survival during the 30-day monitoring peri¬ 
od, while ceftriaxone alone increased survival to 70%. All mice 
given TDM/o alone died. Thus, the combined therapy of an 
immunomodulator and an antibiotic increased survival syner- 
gistically, compared to either treatment alone. 

TDM preparations were tested alone in a phase I cancer 
study49 and with other stimulatory bacterial products and 
were shown to be safe and nontoxic. TDM preparations may be 
used in the future to increase nonspecific resistance to infec¬ 
tion in immunosuppressed individuals and, thus, to reduce 
chances of sepsis. In addition, TDM may be used with antibiot¬ 
ics, cytokines, and cell growth factors to combat infection and 
to restore the function or increase survival of cell populations 
essential for normal host resistance. 

Biological Dosimetry 

The importance of accurate dosimetry for measuring expo¬ 
sure to radiation was demonstrated at the Chernobyl nuclear 
accident. Practical improvement in dosimetric determinations 
would help the treating physician provide appropriate treat¬ 
ment with limited resources. A biological dosimeter is a mea¬ 
surable biological response used to estimate the quantity of 
radiation to which a host is exposed. An ideal biological dos¬ 
imeter meets the following requirements: 

1. determines reliably and accurately the radiation dose lin¬ 
early to the LD100/30 range; 

2. detects relatively small changes in the exposure dose 
(i.e.,in the range <0.1 Gy); 

3. uses easily obtained clinical samples or measurements 
that are noninvasive; 

4. yields meaningful information in a relatively short time 
following exposure; 

5. performs consistently, regardless of physiological inter¬ 
ferences, such as wounds, burns, medications, diseases, 
or therapies; 

6. operates easily, especially in field conditions; 
7. operates for several years after exposure to radiation. 
If a biological dosimeter meets these requirements, re¬ 

searchers could study long-term effects and clinical complica¬ 
tions associated with radiation exposure. 

At present, no single biological dosimeter fulfills all of these 
requirements. It is important to develop measurements to 
monitor radiation exposure and to detect various qualities of 
radiation, because exposures from accidents or weapons often 
consist of multiple radiation qualities. Development and test¬ 
ing of biological dosimeters usually relies on a single, relatively 
pure radiation quality. 

Unlike physical or chemical radiation dosimetry, biological 
dosimetry is inherently much less accurate. The biochemical 
or physiological response is more important than the actual 
exposure dose. A reliable biological dosimeter would predict 
the actual survivability of an individual. 

Biological dosimeters could be classified according to the 
physiological processes that they monitor: blood cell changes, 
serum factors, and chromosomal aberrations. One category 
could include chemical and cellular changes in other body flu¬ 
ids, such as urine and saliva.50-51 Each type of dosimeter cur¬ 
rently available has documented problems and deficiencies 
that interfere with its use or interpretation of data.50-51 

In the event of a nuclear accident or detonation, many indi¬ 
viduals would sustain combined injury. To date, no known bio¬ 
logical dosimeter can measure radiation doses in models of 
combined injury; only the enzyme diamine oxidase (DAO) has 
been tested with relevant models. 

We investigated DAO, which is the enzyme that follows or¬ 
nithine decarboxylase in the polyamine pathway, for use as a 
biological dosimeter. We found it in almost all tissues, but it is 
found in especially high concentrations in the small intes¬ 
tine,52 a prime target for radiation damage.53 Changes in plas¬ 
ma DAO activity are indicative of the integrity of the small 
intestine. Our studies were performed to answer the following 
questions: 

1. Are changes in DAO activity proportional to the radiation 
dose to which the organism was exposed? 

2. Do these changes vary with radiation quality? 
3. Can DAO he used to predict the radiation dose in a patient 

with combined injury? 
4. Can DAO determine whether certain radiation therapies 

or protectants are effective? 
Mouse plasma DAO activity increased on day 2 and de¬ 

creased on day 4 after irradiation. The difference in DAO activ¬ 
ity plotted against radiation doses of 60Co of 7.0-11.5 Gy gave a 
correlation coefficient of 0.95. A similar response was found for 
1-4 Gy fission neutrons.54-55 
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As the radiation dose increased from 0 to 16.1 Gy of 60Co and 
from 0 to 7 Gy of fission neutrons, intestinal DAO activity de¬ 
creased proportionally starting on day 4 after irradiation.56 An¬ 
imals with combined injury showed an identical decrease in 
DAO activity. However, plasma DAO activity did not increase 
by day 2 after irradiation in mice with combined injury, al¬ 
though on days 4 and 6 after irradiation, the responses oi mice 
with combined injury were similar to those of the control mice, 
which included both unirradiated and irradiated animals. The 
reason the burn or wound injury depresses the plasma DAO 
activity in mice with combined injury on day 2 is unknown. 

The usefulness of DAO in predicting the dose of radiation 
was evaluated in six groups of mice that were irradiated with 
various fission neutron radiation doses.51 The predictions had 
a mean accuracy of approximately 88% of the actual values. 

These are the only known studies of biological dosimetry to 
use animals with combined injury. The difficulties in using 
biological dosimeters to monitor simple radiation exposure are 
many, and with combined injury the situation is more compli¬ 
cated. Currently, it is necessary to rely on several biological 
dosimeters to measure the actual physiological damage caused 
either by radiation or combined injury. Because of the extent of 
the combined injury in any type of nuclear disaster, it is imper¬ 
ative that potential biological dosimeters be tested with com¬ 
bined injury models. 

Managing Bacterial Infection in Irradiated and 
Injured Hosts 

Our studies show that the synergy between antimicrobial 
and immunomodulator therapies holds promise for increasing 
the survival c. .'radiated victims and for managing the effects 
of radiation. The judicious use of biological dosimetry may al¬ 
low for the optimal use of these agents. However, further stud¬ 
ies are needed to determine the safety and toxicity of these 
agents in irradiated hosts. 

Antibiotic therapy is only one component of the complex 
task of managing victims of irradiation or combined injury. 
Because antimicrobial agents alone have a limited role in man¬ 
aging infections in immunocompromised hosts, the immune 
system should be augmented by using irnmunomodulators. 
However, the use of irnmunomodulators is still experimental, 
and more research is needed to establish their potential use in 
irradiated hosts. 
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INTRODUCTION 

More than a decade has passed since the first major nuclear-power-plant 
accident in the United States occurred at Three Mile Island (TMI), 
Goldsboro, Pennsylvania. Understanding the psychological aftereffects 
requires a thorough knowledge of the temporal antecedents because they are 
an essential internal component of the TMI accident. Therefore, this paper 
describes the TMI accident; reviews the events preceeding the psychological 
studies; and summarizes the major psychological, behavioral, and 
neuroendocrine findings of field studies of the TMI residents. 

THE ACCIDENT AT TMI-2 

The TMI nuclear power plant is located on the Susquehanna River, ten 
miles southeast of Harrisburg and 2 miles south of Middleton, Pennsylvania. 
Construction began on TMI-1 in 1968 and on TMI-2 in 1970. TMI-1 achieved 
criticality on June 5, 1974, with commercial operations beginning on 
September 30, 1974. TMI-2 achieved criticality on March 28, 1978, with 
commercial operations beginning on December 30, 1978, a mere 3 months 
before the accident occurred.1 The populations within 5 and 15 miles of the 
TMI plant at the time of the accident were approximately 30,000 and 370,000, 
respectively.2 

The TMI plant is a light-water reactor. This design uses ordinary 
pressurized water that is circulated through special pipes in the fuel 
assemblies. As the water circulates through the hot fuel assemblies, it cools 
the reactor by transferring the heat to the water, which produces the steam 
required to turn the turbines. The TMI design yields up to 880 MW of 
electricity. 

However, on March 28, 1979, the flow of coolant water was interrupted. 
A demineralization system, which was designed to remove silt and chemicals 
from the Susquehanna River water, became clogged. A backup system should 
have automatically started feeding water to the fuel assemblies to prevent 
them from overheating, but the valves controlling the auxiliary feedwater 
pumps had been left closed during a routine inspection several days earlier. 
Copyright 1991 by Elsevier Science Publishing Company, Inc. 
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Consequently, an absence of cooling water caused the fuel assembly rods 
inside the reactor core to overheat. When the plant operators correctly 
diagnosed the situation, the coolant-water valves were manually opened. 
However, the electromagnetic pressurizer relief valve failed to close, and the 
coolant water was diverted into the TMI-2 containment building. That water 
was radioactive, and it would remain in the containment building for more 
than a decade. 

During the interruption in supply of cooling water to the fuel assemblies, 
some of the nearby residents living downwind from the plant reported a loud 
noise as the steam escaped from the damaged nuclear reactor through its 
cooling towers. Other residents reported simultaneous ground vibrations and 
believed that an earthquake was in progress.1 As the new day dawned, along 
with it came curiosity, information seeking, and a deluge of news-media 
personnel. The first two days following the accident saw relatively little 
alarm,4 probably because the residents of TMI still believed the situation was 
under control as late as Thursday, March, 29, 1979. At that point, however, 
they were faced with uncertainty, concern, and increasing anxiety as 
conflicting information from numerous sources transformed their once 
tranquil, rural existence into one of frustrating uncertainty. 

The rollercoaster ride of emotions was heightened during the morning of 
March 30,1979, when Pennsylvania Governor Thornburgh, after consultation 
with the chairman of the Nuclear Regulatory Commission (NRC), advised 
residents living within ten miles of TMI to remain indoors.5 This 
announcement was followed by a noontime press release that recommended 
all pregnant women and preschool children living within 5 miles of TMI leave 
the area until the crisis was over, announced the schools were being closed, 
and announced state government workers were to leave their offices early. 
The local news that evening began, 'The world has never seen a day quite 
like today ... and the biggest fear is that the worst is yet to come ... ." That 
statement typifies how concerned America in general, and the TMI residents 
in particular, were about TMI. That evening, TMI took 19 min of one regular 
30-min network nightly news broadcast, more time than was devoted to the 
Kennedy assassination in 1963 >r the fall of Saigon in 1975.6 

Saturday, March 31, was even more troubling to the TMI residents. They 
were informed, albeit by well-meaning individuals at the NRC, that a 
hydrogen explosion could occur within the TMI-2 reactor containment. The 
President’s Commission stated later that the report of a potential hydrogen 
explosion was incorrect. The Special Inquiry Group confirmed their findings 
by noting that fear was generated by "reports... of a possible hydrogen bubble 
explosion [which] turned out to have been vastly exaggerated by the NRCs 
disorganized response to the emergency. The communication breakdown and 
information crises that ensued may have caused more alarm than the accident 
itself."7 During the two-week emergency period, approximately 60% of the 
people living within 5 miles of the plant evacuated the area, and 
approximately 45% of those living within 10 miles of the plant also left.8 

These inaccurate reports would render future releases suspect in the 
minds of the TMI-residents who experienced the rapid reversal of perception, 
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from one of safety to one of extreme uncertainty and vulnerability. 
Consequently, even though the NRC stated on April 4 that the schools would 
be reopening because the threat of an explosion from a hydrogen bubble had 
passed and the Governor on April 9 lifted the voluntary evacuation of 
pregnant women and children of preschool age,9 the credibility of the officials 
had suffered irreparable harm during this 7 to 10 days. 

AFTERMATH 

Even after the announcement had been made, for the second time, that 
the situation was under control, the number of ventings that were necessary 
over the next several years and the 150 tons of debris that were collected 
from the accident at TMI10 served as a continual reminder of what had 
occurred and what still remained. 

Events Preceeding Psychological Studies 

In general, society does not have a clear understanding of the physical 
properties associated with ionizing radiations or nuclear energy. The risk- 
perception research suggests that society sees radiation and nuclear facilities 
as more dangerous than knowledgeable experts do.11 Slovic says that, despite 
the fact that the probable effects of a radiologic accident are small, "normal 
modes of thought, coupled with the special qualities of nuclear hazards that 
make them more memorable and imaginable,... blur the distinction between 
the possible and the probable."12 

Thus, the stressor at TMI did not terminate with any announcements,per 
se, but remained as an episodic stressor for the TMI residents. Several of 
those residents have filed litigation and subsequently settled out of court with 
the proviso that they no longer discuss the TMI situation. The Kemeny 
Commission5 and other documents7,15 concluded that, in spite of the serious 
damage to the TMI plant, the actual release of radioactivity would have a 
negligible effect on individuals and that mental stress would be the main 
effect.1314,15 

PSYCHOLOGICAL STUDIES AT TMI 

The human response to stress is a process. The process can be 
characterized as the direct effects of the stressor, adaptation to the stressor, 
and the aftereffects from the stressor. How a person will be affected by a 
stressor depends on the magnitude and duration of the stressor, the 
individual’s perception of how dangerous the stressor is or might become, and 
the person’s (perceived) ability to deal with the stressor to minimize the 
threat of harm or loss. Therefore, differences in individual perceptions, which 
include different coping strategies to a stressful situation, could be expected 
to influence the ensuing behaviors and neuroendocrine measures (e.g., 
catecholamine values) of those experiencing the stressor. Coping usually 
refers to overt and intrapsychic behavior that is directed towards preventing, 
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avoiding, or controlling the source of stress.16 The use of catecholamine values 
has been used in both acute1718 and chronic13,19'20 stress studies because the 
byproducts of sympathetic nervous system activation are easily measured with 
radioenzymatic catechol-O-methyltransferase (COMT) procedures.21 

During or after a stressful event, information seeking occurs to determine 
how dangerous the stressor is or may become.16,22 If accurate and reliable 
information is not available, then further anticipatory stress results. As a 
result, people presented with the same information may react differently, with 
some exhibiting cognitive, behavioral, and neuroendocrine stress responses 
while others seem relatively unaffected. How this information is perceived 
and internalized can dramatically influence the stress process. 

An example of variable reaction to stress occurred with the 
announcement of the hydrogen bubble, which increased the perceived 
magnitude of the stressor and yielded increased feelings of vulnerability 
among the people in the area. Some evacuated the area while others stayed. 
This diversity demonstrates how people cope differently with the same 
information. 

Field Studies at TMI 

Field studies were conducted at TMI13,14 to investigate how different 
coping strategies influenced the psychological, behavioral, and neuroendocrine 
stress processes of the TMI residents. This study was unique because it 
examined the TMI residents during the protracted aftermath of TMI. Coping 
usually refers to overt and intrapsychic behavior directed at preventing, 
minimizing, avoiding, or controlling the source of stress.16 Coping was 
measured with the Ways of Coping Inventory,23 24 a recognized 68-item 
checklist that reflects a wide range of ways of coping with problems. Examples 
of the items range from "I make plans of action and follow them" to "I go on 
as if nothing has happened." The coping process can be conceptualized as 
consisting of two basic approaches: to alter or address the situation itself or 
to manage one’s own emotional response to the situation. With a situation 
like TMI, one can do little to directly alter the problem. The coping strategy 
used by each TMI resident influenced his or her cognitive abilities, 
neuroendocrine measures, and symptom reporting. 

Methods and Results 

Five years after the accident, subjects from TMI and a control group were 
selected and inter/iewed in their homes. The control group was matched for 
age, education, socioeconomic status, etc. Several measures of stress were 
studied. Cognitive abilities were measured with an embedded-figures task 
similar to that used by Witkin et al.25 This task consisted of eight complex 
geometric figures in which the subjects were to find a simpler geometric 
shape. Neuroendocrine measures were studied, including urinary 
catecholamines,13,26 which are a well-recognized means of determining the 
relationship among sympathetic-adrenomedullary activity, behavior, and the 
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psychosocial environment.27 Symptom reporting was obtained with the 
Symptom Checklist-90 (SCL-90),28 which is a multidimensional inventory that 
assesses symptom distress, such as somatic distress, anxiety, depression, and 
contains a global symptom distress scale (i.e., total numbers of symptoms that 
are bothersome). 

As a group, TMI residents exhibited greater symptoms of stress overall 
than did the control group (Fig. 1). Among TMI residents, emotional-focussed 
or reappraisal coping strategies were employed more frequently than was 
denial as a coping style. The emotional-focussed or reappraisal coping 
strategies resulted in fewer symptoms of stress, such as somatic distress (e.g., 
body aches), anxiety, total number of symptoms reported, and norepinephrine 
levels.11 Conversely, use of denial as a coping style was associated with more 
symptoms, greater distress, and poorer performance on the embedded-figures 
task. 

In another field study,14 we found that residents at TMI exhibited a 
different type of performance decrement. Because the TMI residents were 
exposed to the chance happening of an accident (i.e., the accident at TMI 
could have occurred at any nuclear power plant), it was postulated that their 
perceptions of other chance events could have been affected. So their 
reaction to repeated chance events was tested. 

The subjects were asked to predict what the last digit of the next number 
would be in a series of randomly generated numbers. The series was 
produced with a random-number-generating program on an HP-41CV 
calculator or with a pair of dice. The action for these tasks was accomplished 
by either the subject (high-involvement condition) or the experimenter (low- 
involvement condition). 

Aftereffects of Stress 

PSYCHOLOGICAL 

t Psychosomatic 
t Depression/Anxiety 
|. Sense of Well Being 
4 Sense of Control 
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f NE 
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t Cortisol 

CARDIOVASCULAR 

t SBP 

t DBP 

t MABP 

BEHAVIORAL 

t Medication «—(Palliative) 

4. Persistence 
4 Proof Reading 

4 Problem Solving 

Figure 1. As a Group, TMI Residents Exhibited Greater Symptoms of Stress 
Overall Than Did a Control Group Matched for Age, Education, 
Socioeconomic Status, etc.; the Arrows Indicate the Indices of the TMI 
Residents Compared to Those of the Control Group. 



76 

Dice Persistence by Residence and Involvement 

Figure 2. In a Study to See If TMi Residents’ Perceptions of Chance Events 
Other Than a Nuclear Accident May Have Been Affected, Their Persistence 
on Chance Tasks Was Compared with That of Demographic Peers in a 
Control Group. 

The 'FMI subjects were found to exhibit less persistence on these chance 
tasks compared with their demographic peers in a control group. 
Furthermore, TMI residents exhibited and expressed a high need to optimize 
their control over the chance tasks (e.g., by initiating the chance event 
themselves instead of the experimenter). The level of involvement by the 
subject (i.e., pushing a button on the calculator or rolling the dice) and the 
subject’s location (TMI vs control group) dramatically influenced the subject’s 
persistence on these chance tasks (Fig. 2). As a group, the TMI residents 
gave up sooner than did residents at the control group. However, the 
persistence of TMI residents who continually exhibited a high-control- 
oriented style of coping persisted longer on chance tasks than individuals 
using a low-control-oriented coping style. 

Discussion 

The differences observed between the coping styles are important for two 
reasons. The first demonstrates the long-lasting effects associated with a 
chronic and episodic stressor. The second demonstrates that when individuals 
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were involved in tasks with uncertain outcomes, greater persistence existed 
when subjects were highly involved in trying to solve the situation than when 
they were less involved. Subjects in the high-involvement condition reported 
that they felt they had more control over the outcome when they initiated the 
chance event than when the experimenter did. Another interpretation is that 
lack of involvement or participation in tasks with an uncertain outcome 
resulted in increased feelings of helplessness and an increased rate of giving 
up. 

SUMMARY 

This field research was conducted to investigate the possibility that the 
chronically stressful aftermath of the TMI accident would result in detectable 
stress effects that would be exhibited as decreased persistence on chance 
tasks. The findings confirmed that chronic-stress effects existed five years 
after the accident. The subjects' level of personal participation with their 
situation and their style of coping were shown to influence their persistence 
on challenging tasks. 

Increasing attention is being paid to the evaluation of coping processes 
and to developing stress management procedures designed to enhance coping 
ability. The validity of the method and interpretation of results is 
strengthened by the results of a study of Federal Bureau of Investigation 
personnel. That study examined whether an emotional-focused or problem- 
focused coping strategy is more beneficial in reducing the adversive effects of 
the stress response associated with a hostage-captivity situation.29 The study’s 
findings were similar to those of our coping studies. It showed that, when 
emotional-focused coping is taught prior to an adversive situation, less stress 
symptomatology results. 

The studies on coping strategy imply that people can be educated to use 
the technique of emotional-focused coping with such stressors as nuclear 
accidents or terrorist situations. Such education could reduce stress and, more 
critically, increase problem resolution through improved clarity of thought and 
increased thought-processing ability. In fact, this type of education could be 
beneficial for any individual involved in decision-making processes. Moreover, 
because the perceptions people have of the stressor are so important in 
determining their actions, this educational process could be inculcated in the 
preparation of the press releases associated with an incident to help the 
population cope with the event. 
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In Vivo Interleukin-1 (IL-1) Administration Indirectly Promotes Type II IL-1 
Receptor Expression on Hematopoietic Bone Marrow Cells: Novel Mechanism for 

the Hematopoietic Effects of 11,-1 
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and Ruth Neta 

lnterleukin-1 (IL-1) has profound stimulatory effects on hema¬ 

topoiesis but the mechanism(s) of action remain unknown. 

The direct action of IL-1 on hematopoietic progenitor cells 

requires the presence of a specific IL-1 receptor (IL-1R). In 

this report, we tested the effect of in vivo IL-1 treatment on 

the expression of IL-1R on bone marrow (BM) cells. Injection 

of mice with IL-1 results in a marked upregulation of IL-1R on 

light-density BM cells as on a subpopulation enriched for 

myeloid precursors. Pretreatment of mice with anti-type I 

IL-1R antibody (35F5), which has been shown to prevent the 

radioprotective effect of IL-1, also blocked IL-1-induced 

IL-1R expression on BM cells. This antibody did not directly 

bind and block IL-1 binding to the type II IL-1R expressed on 

IN VIVO INJECTION of interleukin-1 (IL-1) has pro¬ 
found hematopoietic effects.1 These effects include 

initial peripheral neutrophilia due to mobilization of neutro¬ 
phils from bone marrow (BM), followed by an expansion of 
this population in the marrow, cycling of hematopoietic 
progenitor cells, and eventual increase in their numbers.2'1 
In addition, IL-1, both in vivo and in vitro, induced 
increased levels of messenger RNA (mRNA) transcripts 
and proteins possessing hematopoietic growth factor (HCF) 
activities such as granulocyte colony-stimulating factor 
(G-CSF), granulocyte-macrophage CSF (GM-CSF), and 
IL-h. 12 Furthermore, IL-1 is biochemically identical to 
hematopoietin-1, which synergizes with CSF to promote the 
growth of primitive high proliferative potential colony¬ 
forming cells.111 ' These effects presumably are the basis for 
the capacity of IL-1 to promote hematopoietic recovery and 
survival of mice treated with myelosuppressive drugs or 
exposed to lethal radiation.15111 

Despite extensive evidence for the stimulatory effects of 
IL-1 on hematopoiesis, it remains to be established whether 
IL-1 can act directly on hematopoietic BM cells. Because 
demonstration of such a direct effect would require the 
presence of specific IL-1 receptors (IL-IR), we initiated 
studies to examine the presence and regulation of IL-1 Ron 
murine BM cells. In this report, data are presented showing 
that lhe injection of mice with IL-1 results in considerable 
upregulation of IL-IR on BM cells. However, this effect 
appears to be indirect, because IL-1 effects can be blocked 
in vivo by antibody to the type I IL-IR, which is not 
expressed on BM cells but reduces the circulating HGF 
level. In addition, G-CSF administration can induce the 
increase of IL-IR on BM cells. These data suggest the 
involvement of IL-l-induced HGF in the IL-l-mediated 
effects on the marrow. 

MATERIALS AND METHODS 

Mice. CD2F1 male mice were purchased from the Animal 
Genetics and Production Branch, National Cancer Institute, Na¬ 
tional Institutes of Health ( Frederick, MI)). Animals were handled 
as previously described.1 

Reagents. Human recombinant IL-la (rIL-1«) and a neutraliz- 

hematopoietic cells, suggesting that IL-IR upregulation by 

IL-1 is Indirect. It is therefore possible that IL-1 acts on type I 

IL-1R-expressing accessory cells such as stromal cells or T 

cells to induce production of hematopoietic growth factors 

(HGFs). In support of this, granulocyte colony-stimulating 

factor administration can induce the increase of IL-IR on BM 

cells. Thus, the increased expression of IL-IR on hematopoi¬ 

etic BM cells by IL-1 is indirect, probably mediated in part 

through endogenous HGF production. These results also 

suggest that the restorative hematopoietic effect of IL-1 

occurs through both indirect and direct mechanisms. 

This is a US government work. There are no restrictions on 
its use. 

ing anti-IL-lR antibody (35F5, a rat monoclonal Ig [IgG,]) were 
prepared at Hoffmann-LaRoche (Nutley, NJ). Control rat IgG was 
purchased from Cappel (Organon Teknika Corp, West Chester, 
PA). The hyhi idoma cell line producing the monoclonal antibody 
(MoAb) RB6-8C5 was provided by Dr R.L. Coffman (DNAX 
Corp, Palo Alto, CA) and the antibody was produced and purified 
as previously described.2“'21 Murine IL-4 was provided by Sterling 
(Malvern, PA); murine interferon (IFN)-y was provided by Genen- 
tech (San Francisco, CA); and G-CSF was provided by Amgen 
(Thousand Oaks, CA). 

Cell line. The murine cell line EL-4 6.1, a variant subline of 
EL-4 thymoma cells,22 was provided by H R. MacDonald (Ludwig 
Institute for Cancer Research, Basel, Switzerland). 
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In vivo procedure. The antibody and cytokines were diluted in 
pyrogen-free saline on the day of injection. The antibody (35F5) 
was administered intraperitoneally (IP) 6 to 8 hours before IP 
injection of IL-1. BM cells were tested for the presence of IL-1R 16 
to 18 hours after saline or IL-1 injection or after different periods 
of time, as indicated in the figure legends. 

Preparation of UM cells. Murine BM cells were aspirated from 
femurs and light-density mononuclear cells were isolated by 
separation on Lymphocyte Separation Medium (Organon Teknika 
Corp, Durham, NC). 

Purification of myeloid precursors. BM cells from saline- or 
IL-l-treated mice were labeled with either MoA RB6-8C5 or 
control IgG in an indirect immunofluorescence assay. Briefly, BM 
cells were resuspended in Hanks' Balanced Salt Solution with 10% 
fetal bovine serum and incubated with the appropriate MoAb in a 
1:100 dilution for 30 minutes at 4°C. The cells were washed and 
then incubated with fluorescein-labeled goat-antirat antibody 
(Kirkegaard-Perry Laboratories, Gaithersburg, MD) for 30 min¬ 
utes at 4°C. The cells were then washed two times before cell 
sorting using FACStar (Becton Dickinson, Mountain View, CA). 

Preparation of iodinated IL- '. Human rIL-la was labeled with 
l2’I using chloramine-T reagent as described previously.31 The 
radiolabeled IL-lu had a specific activity that ranged from 1 to 3 x 
1015 cpm/mmol. There was no significant loss of biologic activity of 
radiolabeled IL-la using the thymocyte comitogenic activity assay. 
The 35F5 antibody was labeled with lodogen reagent (Pierce. 
Rockford, IL) according to the manufacture’s method. 

Receptor binding assay. Fractionated BM ceil suspensions were 
washed once with cold medium and the cell pellet was treated for 1 
minute on ice with 50 mmol/L glycine-HCI (pH 3) to remove 
potentially bound IL-1. Subsequently, the cells were washed twice 
with binding medium (RPM1 1% bovine serum albumin supple¬ 
mented with 0.1% sodium azide and 10 mmol/L HEPES) and 
incubated at 4°C with 500 pmol/L ‘“I-labeled IL-1<» in a final 
volume of 0.2 mL. After 1 to 2 hours of incubation at 4°C, 
cell-bound radioactivity was separated from unbound l2'I-lL-la by 
centrifugation of the sample through a mixture of 1.5:1 (vol/vol) 
dibutyl phthalate/bis(2-ethylhexyl)phthalate (Eastman Kodak Co, 
Rochester, NY). Nonspecific binding was determined by incubat¬ 
ing the BM cells with labeled IL-la in the presence of 50-fold 
excess of unlabeled ligand. 

RESULTS 

Effect of IL-1 on 1L-1R expression on BM cells. To test 
the effect of IL-1 on the expression of IL-1R on BM cells, 
300 ng of IL-1 was injected IP to mice and BM cells were 
harvested after different times and examined for IL-1 
binding. As shown in Fig 1, the specific binding of IL-1 to 
light-density BM cells was significantly increased by 6 hours 
with maximum effect observed 13 to 18 hours posttreatment 
and returned to baseline levels after 48 hours. Treatment of 
mice with increasing doses of IL-1 resulted in a gradual 
augmentation in IL-l-specific binding to BM cells (Fig 2). 
Whereas 10 ng of IL-1 per mouse induced a slight increase 
in IL-l-specific binding, doses from 50 to 5,000 ng per 
mouse resulted in a sixfold to 12-fold augmentation with an 
ED,,, of 80 ng per mouse. Scatchard analysis of BM cells 
from control mice showed one class of IL-1R with 33 to 114 
binding sites per cell and an affinity of 2.4 ± 1.7 x HL10 
mol/L (Fig 3). Treatment with IL-1 increased the number 
of IL-1 R to 235 to 1,080 per BM cell without any significant 
effect on affinity (kd = 2.2 ± 1.6 x 10 10 mol/L). Thus, in 

Fig 1. Time course of effect of in vivo IL-1 on IL-1R expression on 

BM cells. Mice were injected IP with 300 ng of IL-1. After different 

periods of time, BM cells were harvested. The cells were tested for the 

expression of IL-1R as described ir Materials and Methods. Each point 

represents the mean (±SEM) of duplicate determinations using 

pooled cells from 3 to 18 animals as indicated in parentheses. The 

level of background binding was 222 ± 50 cpm, which was subtracted 

from the data shown here. 

vivo IL-1 treatment resulted in increased IL-1R numbers 
on BM cells in a dose- and time-dependent fashion. 

Increased IL-IR expression on an enriched myeloid precur¬ 
sor population. We next evaluated whether IL-1 treatment 
directly upregulated the IL-IR on myeloid precursors. For 
this purpose, cells were separated by fluorescence-activated 
cell sorting according to the differential expression of 
RB6-8C5 antigen on myeloid progenitor cells.24 Mice re¬ 
ceived a single injection of saline or IL-1 and 12 to 16 hours 
after injection, BM cells were stained with MoAb RB6-8C5 
or control antibody. As previously documented24 and shown 
here for comparison, fluorescence-activated cell sorting 
(FACS) analysis of normal BM cells stained with the MoAb 

Fjg 2. Dose-dependent effect of IL-1 on IL-IR expression. Mice 

were injected IP with increasing doses of IL-1. Sixteen to 18 hours 

after treatment, BM cells were harvested and tested for IL-IR expres¬ 

sion as described in Materials and Methods. Each point represents the 

mean (SEM <10%) of duplicate determinations of pooled cells from 

three animals. 
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Fig 3. Scatchard analysis of ,2,l-IL-1a binding to (•) saline and (□) 

IL-1-treated mice. Mice were injected IP with 300 ng IL-1 and BM cells 

were processed as described in Materials and Methods. Specific 

,Äl-IL-1a binding was determined by adding various concentrations of 

labeled IL-1 alone or in the presence of 50-fold excess of unlabeled 

IL-1a. Each point is the mean of duplicate determinations from which 

nonspecific binding ( < 300 cpm) was subtracted, Scatchard data were 

analyzed using the LIGAND program. 

RB6-8C5 showed three distinct populations: RB6-8C5nc*, 
RB6-8C51“, and RB6-8C5hl (Fig 4A). The RB6-8C5h' cells 
were enriched for the end-stage (segmented) neutrophils 
(>75%) and the RB6-8C510 cells contained greater than 
80% of immature myeloid cells (myeloblasts, promyelo¬ 

cytes, myelocytes).24 Administration of 1 p.g IL-1 to mice 
resulted in a twofold increase in the RB6-8C510 population 
(41.1% fot IL-l-treatcd compared with 20.7% for saline- 
treated mice) and a concomitant loss of RB6-8C5hi cells 
(3.6% for IL-l-treated compared with 19.7% for saline- 
treated mice) (Fig 4B). Comparison of IL-l-specific bind¬ 
ing on BM cells from saline- and IL-l-treated mice showed 
that the expression of IL-1R was induced on the RB6-8C510 
population from IL-l-treated mice, whereas control RB6- 
8C5kl BM cells did not express significant levels of IL-l- 
specific binding. In contrast, the RB6-8C5ni|! populations of 
either treated or nontreated animals did not express signifi¬ 
cant levels of IL-l-specific binding (Table 1). We were not 
able to assess the expression of IL-1R on the IL-l-treated 
RBó-SCS1" population because a very low number of these 
cells remains after IL-1 administration. Morphologic analy¬ 
sis of the FACS-sorted RB6-8C510 population from IL-l- 
treated mice showed that greater than 90% of the popula¬ 
tion were immature myelocytes with 2% neutrophils, 5% 
eosinophils and eosinophils precursors, and 2% lympho¬ 
cytes, macrophages, and erythroid precursors. It is unlikely 
that lymphocytes (<2% of the population) contribute to 
the enhanced IL-1 binding because the removal (using 
magnetic beads) of BM cells expressing L3T4 (T helper), 
Lyt-2 (T suppressor/cytotoxic), or B220 (B cells) antigen 
did not change the magnitude of IL-l-specific binding (data 
not shown). 

These results suggest that the treatment of mice with 
IL-1 induces the expression of IL-1R on an RB6-8C510 
population of BM cells enriched for immature myeloid 
cells. 

Effect of anti-IL-IR antibody on the upregulation of IL-1 R 
on BM cells. Previous studies showed that the administra¬ 
tion of an anti-IL-IR antibody, 35F5, almost completely 
blocked the radioprotective effect of IL-1, whereas equiva¬ 
lent concentration of control Ig had no effect.12 Therefore, 
we examined vhethcr the administration of 35F5 antibody, 
at a dose that blocks the radioprotective effect of IL-1, 

Fig 4. Flow cytometry analy¬ 

sis of BM cells from (A) saline or 

(B) IL-1-treated mice using RB6- 

8C5 antibody. Mice were injected 

with either saline or 1 jig IL-1a. 

Twelve hours after treatment, BM 

cells were harvested and labeled 

with RB6-8C5 as outlined in Ma¬ 

terials and Methods. The back¬ 

ground staining of the isotype- 

matched control antibody was 

less than 3% for both the saline- 

and IL-1-treated populations. 

Cells were gated according to 

fluorescent intensity into RB6- 

8C5n"° (sector I), RB6-8C5to (sec¬ 

tor II), and RB6-8C5hl (sector III) 

populations. A contour map of 

increasing fluorescence intensity 

on the X-axis versus cell size on 

the Y-axis, and the number of 

cells on the Z-axis was gener¬ 

ated, 

B IL-1-Treated 
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Table 1. Upregulation of IL-1R on RB6-8CE'° Population of BM Cells 

,;!6I-IL-1 Binding* (cpm) 

Cell Phenotypet Control Mlcet IL-1 Treated Mice5 

Unseparated BM 106 ± 9.2 

RB6-8C5"*« 38 ± 8.5 

RB6-8C5'0 24 ±11.3 

RB6-8C5hi 556 ± 2.8 

2,145 ± 39 

34 ± 1 

2,602 ± 137 

ND 

Abbreviation: ND, nondetermined. 

*The expression of IL-1R on BM cells was monitored as described in 

Materials and Methods. Each point represents the mean ± SEM of 

duplicate determination of pooled cells from five to 20 animals. The 

level of background binding was 274 ± 83, which was subtracted from 

the data shown here. 
TBM cells were sorted by FACS into three different populations using 

the MoAb RB6-8C5 as described in Materials and Methods and shown 

in Fig 4. 
tThe data extracted from Flestdal et al“ are shown here for compari¬ 

son. 
SMice received a single injection of 1 pg IL-1 and the BM cells were 

processed 12 hours after injection. 

could also inhibit the upregulation of IL-1R on BM cells. 
Mice were injected with 100 p.gof 35F5 antibody or saline 6 
to 8 hours before injection of 300 ngof IL-1. Radioreceptor 
assays for IL-1R were performed 16 to 18 hours after IL-1 
treatment. The administration of 35F5 antibody had no 
significant effect on the constitutive expression of IL-1 R on 
BM cells, but blocked 80% of the IL-l-induced upregula¬ 
tion of IL-1 R (Fig 5). 

Binding of anti-11,-1R antibody to IL-1-induced IL-1R on 
BM cells. The 35F5 antibody is selective in that it blocks 
IL-1 binding to type I IL-1R expressed on a thymoma cell 
line (EL-4), fibroblasts, and epithelial cells but not to the 
type IIIL-1R expressed on macrophages, granulocytes, and 
B cells.The type of IL-1R expressed on IL-l-treated BM 
progenitor cells has not been reported. To assess the nature 
of this receptor, in vitro binding experiments using radiola- 
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Fig 5. Block of IL-R expression induced by IL-1 by antML-IR 

antibody. Mice were injected with 100 pg of anti-IL-1R antibody 

(35F5) or saline 6 to 8 hours before injection of 300 ng IL-1. Radiorecep¬ 

tor assays for IL-1R were performed 16 to 18 hours after IL-1 

treatment. Each point represents the mean (±SEM) of nine experi¬ 

ments from which the level of background binding (286 ± 60) was 

subtracted. The numbers in parentheses represent the number of 

mice receiving each treatment. 

beled 35F5 antibody were performed. Our results indicate 
that radiolabeled 35F5 antibody did not bind to the IL-1R 
induced by IL-1 treatment on BM cells, but, as previously 
reported,35 this antibody binds to the type I IL-1R expressed 
on EL-4 cells (Fig 6). Furthermore, in a competitive binding 
assay, the 35F5 antibody competed in a dose-dependent 
fashion with radiolabeled IL-1 for the IL-1R expressed on 
T cells, but failed to compete for the IL-1R expressed on 
IL-l-treated BM cells (Table 2). Collectively, these data 
strongly indicate that the 35F5 epitope is not detectable on 
the cell surface of BM cells, constitutively or after upregula¬ 
tion with IL-1. 

Effect of G-CSF, IL-4, and IFN-yon IL-IR expression on 
BM cells. Because the 35F5 antibody that blocks the in 
vivo marrow protective effects of IL-112 fails to block the in 
vitro binding of IL-1 to BM cells IL-IR, the effects of IL-1 
on IL-IR expression by BM cells may be, at least in part, 
indirect. IL-1 effects may be dependent on an interaction of 
IL-1 with type I IL-1 R present on cells other than BM cells. 
The 35F5 antibody was previously shown to block circulat¬ 
ing IL-l-induced HOF production.12 It is therefore possible 
that IL-l-induced cytokines play a role in the upregulation 
of IL-IR. To test this hypothesis, mice were injected with 
G-CSF, IL-4, or IFN-y, and BM cells were harvested and 
assessed for IL-IR expression. The doses of these cytokines 
were chosen based on previously observed effects of their 
protection of mice from radiation-induced death.“ Results 
presented in Fig 7 indicate that G-CSF but not IL-4 and 
IFN-y can significantly increase IL-IR expression on BM 
cells. 

DISCUSSION 

Previous reports have shown that several types of mature 
cells, such as neutrophils, macrophages, B cells, and T cells, 
express low levels of functional high-affinity receptors for 

Bone Marrow cells Bone Marrow Cells EL-4 6.1 
Saline IL-1-Treated 

Fig 6. Binding of nnti-IL-IR antibody to IL-1-treated and non- 

treated murine cells Mice were injected IP with 300 ng of IL-1 and 16 

to 18 hours after treatment. BM cells were harvested and tested for 

(□) radiolabeled IL-1 binding or (■) radiolabeled 35F5 binding as 

described in Materials and Methods. The data represent the mean 

(±SEM) o' duplicate determinations of a representative experiment 

of two experiments performed. The level of background binding was 

304 ± 38 cpm for IL-1 binding and 354 ± 76 cpm for 35F5 binding, 

which were subtracted from the data shown here. 
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Table 2. Effect of Anti-IL-1R Antibody (35F5) on ,!6I-IL- i Binding to 

Murine Cells 

Cells 
Antibody 
(ng/ml) 

% Inhibition 
’»l-IL-l Binding- 

35F5 Control Antibody 

BM (!L-1-treated]t 50 6 2 

500 6 3 

5,000 1 9 
EL4 6.1 5 20 — 

50 49 9 

500 84 7 

5,000 97 2 

•The data are expressed as percent inhibition of 1!6l-IL-1a specific 
binding in the presence of antibody when compared with the total 
specific binding in the absence of antibody. 

tMice received IP injection of 300 ng IL-1. Sixteen hours later, BM 

cells were harvested and processed as described in Materials and 
Methods. 

IL-1. Constitutive expression of IL-1R has also been 
shown on normal BM neutrophils.2425 Despite the profound 
hematopoietic effect of IL-l, we could detect low levels of 
IL-1 R expressed on hematopoietic BM cells from normal 
mice (see Table 1). Previous reports indicated that IL-1 
upregulates in vitro IL-1 R expression on B lymphocytes and 
fibroblasts."32 Therefore, we have attempted to identify 
physiologic agents that may regulate the expression of 
IL-1R on hematopoietic cells. Our report shows in vivo 
upregulation of IL-1R on hematopoietic BM cells by IL-1 

Treatments 

Fig 7. Upregulation of IL-1R expression by G-CSF Mice were 

injected IP with either saline, human IL-1a (0.3 pg), human G-CSF (5 

pg|, murine IL-4 (5 pg), or murine IFN-y (5 pg|. Sixteen to 18 hours 

after treatment, BM cells were harvested and tested for IL-1R expres¬ 

sion as described in Materials and Methods. The data represents the 

mean (±SEM) of duplicate determinations of a representative experi¬ 

ment of three experiments performed. The level of background 

binding was 234 t 7 cpm, which was subtracted from the data shown 
here. 

and G-CSF. This enhanced IL-l-specific binding was ob¬ 
served on enriched IL-l-treated BM cells expressing low 
levels of RB6-8C5 antigen. The RB6-8C5"’ population 
contains greater than 90% immature myeloid cells (myelo¬ 
blasts, promyelocytes, and myelocytes) by morphology, and 
is 1.9-fold enriched for immature myeloid cells compared 
with total IL-l-treated BM cells (49% immature myeloid 
cells). These data suggest that the IL-1R is upregulated on 
an immature myeloid population of BM cells. However, 
because the RB6-8C51“ population also contains other cell 
types (lymphocytes, segmented neutrophils, eosinophils, 
and erythroid cells), we cannot rule out the possibility that 
IL-1 R is also upregulated on more mature populations of 
hematopoietic cells. Indeed, IL-1 binding was reported to 
be increased on peripheral blood neutrophils from patients 
infused with IL-L” Further characterization of IL-IR- 
positive BM cells is currently under investigation. 

Recent reports have shown the existence of two distinct 
types of 1L-1R.25"’4 The type I IL-1R expressed on T 
lymphocytes, fibroblasts, and epithelial cells is an 80- to 
90-Kd binding protein, whereas the type II IL-1R present 
on B cells, macrophages, and granulocytes is in the range of 
60 to 70 Kd. This selective distribution was confirmed using 
MoAbs and polyclonal antibodies raised against the type I 
IL-1R that block IL-1 binding to a T-cell line (EL-4), 
fibroblasts, and epithelial cells, but not IL-1 binding to B 
cells, macrophages, and granulocytes.25 Despite this distri¬ 
bution, the type I 1L-1R antibody (35F5) inhibited most of 
the IL-l-enhanced expression of IL-1R on BM cells. This 
inhibition could not be related to direct binding and/or 
blocking of IL-1R on BM cells, because in culture these 
cells did not bind radiolabeled 35F5 and this antibody does 
not compete for IL-1 binding on marrow cells. These 
results, together with our previous observation that the 
IL-1 R expressed on BM cells and hematopoietic cell lines is 
a 65-Kd binding protein,'5 suggest that these cells may 
predominantly express type II IL-1R. 

The mechanism by which anti-type I IL-1R antibody 
inhibits the enhanced IL-IR expression presumably in¬ 
volves IL-1 stimulation of T cells, fibroblasts, and epithelial 
cells that arc known to respond to IL-1 by production of 
multiple products including cytokines with hematopoietic 
activities such as G-CSF, GM-CSF, and IL-6. We have 
previously shown that G-CSF, GM-CSF, IL-3, and IL-6, but 
not IL-1 itself, induce in culture the expression of IL-IR on 
a mononuclear fraction of BM cells depleted of stromal 
cells.'5’" In this study, upregulation of the IL-IR was 
achieved by in vivo injection of G-CSF. Therefore, G-CSF 
induced by stimulation of cells expressing type I IL-1 R may 
directly upregulate type II IL-IR on BM cells. This hypoth¬ 
esis is further supported by the finding that injection of 
35F5 antibody to mice that blocked IL-IR induction by IL-1 
also reduced the tiler of circulating HGFs and blocked 
HGF production by stromal cells.12 In contrast, injection of 
IL-4, which was shown to promote the growth in vitro of 
early hematopoietic progenitor cells in synergy with other 
growth factors,17 or injection of IFN-y did not mimic IL-1 
effects on receptor upregulation. Because the above cytok¬ 
ines failed to induce circulating HGFs26 (unpublished 
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observation), these results strengthen our contention that 
G-CSF is directly involved in IL-1R upregulation on BM 
hematopoietic cells and may therefore represent a link 
between IL-1 and the upregulation of its receptor on 
hematopoietic BM cells. The possibility that other HGFs 
such as GM-CSF, IL-3, and IL-6 also participate in the in 
vivo upregulation of IL-1R is currently under investigation. 

Administration of IL-1 to mice also results in a rapid 
elevation of glucocorticoids (GCs).w Because in vitro treat¬ 
ment of human monocytes with déxaméthasone and B cells 
with prednisolone upregulates IL-1R expression,3^ it is 
possible that endogenous GC production in conjuncture 
with HGFs mediate the upregulation of IL-lR on hemato¬ 
poietic BM cells. Indeed, we recently observed partial 
inhibition of the ability of IL-1 to upregulate its receptor on 
BM cells from adrenalectomized mice. In addition, treat¬ 
ment of mice with GCs and G-CSF resulted in a synergistic 
effect on IL-lR expression on BM cells411 (manuscript in 
preparation). These results suggest that IL-l-induced endo¬ 
genous GC production also participates in the upregulation 
of IL-lR expressed on hematopoietic BM cells. 

The upregulation of IL-lR with IL-1 pretreatment may 
be involved in the myelorestorative and radioprotective 
effects of IL-1. Indeed, administration of anti-IL-lR anti¬ 
body blocks in parallel the upregulation of IL-lR and its 
radioprotective effects.12 Such an increase in IL-lR expres¬ 
sion on hematopoietic BM cells would serve to amplify the 
observed in vivo hematopoietic recovery after IL-1 treat¬ 

ment.2,4'’15'6 Because irradiation induces production of 
endogenous IL-1,12'41 it is likely that the gi eater availability 
of the receptor resulting from IL-1 pretreatment contrib¬ 
utes to more effective use of endogenous IL-1. Therefore, 
radiation-induced low doses of endogenous IL-1 would 
become sufficient to promote hematopoietic recovery simi¬ 
lar to that observed with high doses of IL-1 administered 
after irradiation.42 

In contrast to the murine model in which high doses of 
IL-1 are relatively well tolerated, in humans, repeated IL-1 
administration is more toxic, causing hypotension and 
fever.43 However, there is now evidence that, when adminis¬ 
tered to people at its maximum tolerated dose, IL-1 has 
potent hematopoietic effects, including the capacity to 
ameliorate hematopoietic toxicity from myelotoxic chemo¬ 
therapy (D.L. Longo, personal communication, March 
1991). It is possible that, administered in an appropriate 
schedule (when the IL-lR is highly expressed) perhaps 
together with an IL-lR-inducing cytokine such as G-CSF, 
much lower doses of IL-1 could be effective. Thus, monitor¬ 
ing the expression of IL-lR may be useful in establishing a 
schedule of low-dose IL-1 treatment with reduced toxicity 
and maximal hematopoietic effects. 
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Abstract — In order to compare both the actions of soluble glucan (glucan-F) and particulate glucan 
(glucan-P) on macrophages and the responsiveness of macrophages from C3H HeJ and C3fl HeN mice to 
these irnmunomodulators, interleukin-1 (IL-I) levels, phagocytosis and superoxide production were 
monitored after an in vitro exposure to glucan-F or glucan-P. A 2 or 20 h exposure to either glucan 
preparation decreased the ability of both C2H/HeJ and C3H/HeN macrophages to ingest zymosan. In 
contrast, glucan-P, but not glucan-F, decreased (after a 20 h exposure) the uptake of both IgG opsonized 
erythrocytes and latex beads. Furthermore, glucan-P, but not glucan-F was as effective as zymosan (after a 

1 h exposure) in inducing superoxide release by macrophages isolated from both C3H/HeN and C3H HeJ 
mice. While the effects of glucan-P on PMA-induced superoxide release and IL-I levels were similar in 
macrophages from C3H/HeJ and C3H/HeN mice, glucan-F was ineffective at enhancing PMA-induced 
superoxide release or increasing IL-1 levels in C3H/HcJ mice. Thus (1) the effects of glucan-P on 
phagocytosis of opsonized erythrocytes and latex beads are not mimicked by glucan-F and (2) while 
macrophages from C3H/HeJ mice respond normally (as compared with C3H/HeN macrophages) to 
glucan-P, they are hyporesponders to glucan-F. These findings indicate that the activation of macrophages 
by glucan-P involves different (or additional) pathways from those activated by glucan-F. 

In contrast to C3H/HeN mice, C3H/HeJ mice are 
hyporesponsive to lipopolysaccharide (LPS) and in 
particular to the lipid A moiety of LPS (Watson, 
Riblet & Taylor, 1977; Hogan & Vogel, 1987). C3H/ 
HeJ mice differ from other C3H substrains at a 
specific gene locus (lpsJ) located on chromosome 
4 which confers sensitivity to LPS (Watson, Kelly, 
Largen & Taylor, 1978). In vitro, this hypo- 
responsiveness manifests itself in a failure of 
macrophages to secrete IL-1 (Rosenstreich, Vogel, 
Jacques, Wahl & Oppenheim, 1978) and a failure of 
B-lymphocytes to proliferate (Rosenstreich & Glode, 
1975) in response to LPS. The hyporesponsiveness 
appears to be due to a defect in some subsequent step 
in the LPS signalling pathway, since cells from 
C3H/HeJ mice contain normal LPS receptors 
(Gregory, Zimmerman & Kern, 1980; Haeffner- 
Cavaillon, Cavaillon & Szabo, 1985). This view is 
supported by the observation that macrophages from 
C3H/HeJ mice also respond abnormally to the 
calcium ionophore A23187 (Shinomya & Nakano, 
1987). To further explore the differences between 
C3H/HeN and C3H/HeJ mice we have examined 

the in vitro responses of peritoneal macrophages 
isolated from both strains of mice to soluble and 
insoluble forms of the ß-l,3-n-polyglueose immuno- 
modulator, glucan. 

Glucan isolated from the inner cell wall of the 
yeast Saccharomyces cerevisiae, exists in both 
particulate (glucan-P) and water soluble forms 
(glucan-F). Most studies have utilized particulate 
glucan which, when administered to normal rats or 
mice, (1) induces a hyperphagocytic state in ihe 
reticuloendothelial system (Riggi & DiLuzio, 1961; 
Wooles & DiLuzio, 1963), (2) enhances primary and 
secondary antibody responses (Wooles & DiLuzio, 
1963), (3) potentiates cell-mediated immune respon¬ 
ses (DiLuzio, 1967), (4) stimulates hematopoietic 
stem cell and progenitor cell proliferation (Patchen & 
MacVittie, 1986) and (5) enhances resistance to life- 
threatening bacterial, viral, fungal and parasitic 
microorganisms (DiLuzio, 1983). However, glucan- 
P also induces severe hepatosplenomegaly and 
granuloma formation (DiLuzio, 1983). These 
detrimental side-effects can be avoided, often 
without sacrificing much biological effectiveness, by 
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using soluble glucan (Seljelid, 1986). In fact, a recent 
study in trauma patients has demonstrated that the 
same glucan-F preparation as that examined in this 
study decreased both septic morbidity and mortality 
(Browder, Williams, Pretus & Olivero, 1990). 

Macrophages possess specific /3-1,3-glucan 
receptors (C¿op & Austen, 1985a; Czop & kay, 1991) 
and are one of the primary targets of glucan. The in 
vitro exposure of macrophages to glucan leads to an 
increased cytotoxicity (Bogwald, Johnson & Seljelid, 
1982; Seljelid, Bogwald, Hoffmann & Larin, 1984) 
and increased production and/or release of 
lysosomal enzymes (Bogwald, Johnson, Hoffmann 
& Seljelid, 1984; Lew, Leslie, Riches & Henson, 
1986), tumor necrosis factor, interleukin-1 (IL-1) 
and prostaglandins (Sherwood, Williams & DiLuzio, 
1986; Rasmussen & Seljelid, 1989; Doita, 
Rasmussen, Seljelid & Lipsky, 1991) and 
leukotrienes (Czop & Austen, 1985b). While studies 
have indicated that the effects of soluble /31,3-glucan 
and either aminated /3-1,3-glucan derivatized 
microbeads or particulate glucan on inhibiting the 
ingestion of heat-killed yeast (Goldman, 1988) and 
increasing the release of IL-I (Rasmussen & Seljelid, 
1989) by macrophages were comparable, no studies 
have compared their effects on inducing or priming 
macrophages for Superoxide release, nor have studies 
investigated their actions on macrophages from 
C3H/HeJ mice. 

By examining the effects of both soluble and 
particulate glucans on IL-1 production, phagocytosis 
and oxidative burst potential in macrophages from 
C3H/HeJ and C3H/HeN mice, we demonstrate that 
glucan-P and glucan-F can have different effects on 
the phagocytic ability and superoxide production of 
macrophages from C3H/HeN mice. Furthermore, 
we show that while glucan-P affects superoxide and 
IL-1 production similarly in macrophages from both 
strains of mice, macrophages isolated from 
C3H/HeJ mice are hyporesponders to glucan-F, but 
normal responders to glucan-P. Thus, some of the 
effects of glucan-P on macrophages must be 
mediated by different activation pathways than those 
of glucan-F, and the signalling pathways involved in 
glucan-F activation are defective in macrophages 
from C3H/HeJ mice. 

EXPERIMENTAL PROCEDURES 

Materials 

The preparation of both of these glucans has been 
described previously by DiLuzio, Williams, 

McNamee, Edwards & Kilahama (1979). Endotoxin- 
free particulate glucan (glucan-P) was purchased 
from Accurate Chemical and Scientific Co. 
(Hicksville, NY). The particulate form was aspirated 
through a 26 gauge needle four or five times to 
disperse aggregated particles before use. Soluble 
glucan (glucan-F) was a DiLuzio preparation 
purchased from Tulane University School of 
Medicine (New Orleans, LA). It was produced by 
partially phosphorylating particulate glucan, and, 
except for a phosphate group substitution on every 
seventh glucose, glucan-F is chemically identical to 
glucan-P (Williams, McNamee, Jones, Pretus, 
Ensley, Browder & DiLuzio, in press). This form of 
soluble glucan has been shown to be therapeutically 
effective in trauma patients at doses that have no 
toxicity (Browder et a!., 1990). The concentration of 
bacterial endotoxin (lipopolysaccharide ILPS)) in the 
glucan preparations was <1 ng endotoxin/10 mg 
glucan as assessed in a Limulus lysate assay. LPS 
extracted from Escherichia coli or Salmonella 
typhosa (Difco, Detroit, MI) was used at the stated 
concentration in interleukin-l (IL-1) assays. Human 
recombinant IL-1 was obtained from Hoffman 
LaRoche (Nuttley, NJ). A polyclonal rabbit anti¬ 
mouse IL-1-ií was purchased from Genzyme 
(Boston, MA) and a control polyclonal rabbit anti¬ 
human albumin was purchased from Sigma (St. 
Louis, MO). 

Macrophage isolation 

Resident peritoneal macrophages were isolated 
from mice euthanized by cervical dislocation. Five 
milliliters of Hank’s balanced salt solution without 
Ca; ' or Mg:’ (HBSS/wo) and containing 2 units/ml 
heparin was injected into the peritoneal cavity and 
media with cells withdrawn. The peritoneal cells were 
washed twice in phosphate-buffered saline without 
Ca: or Mg:' (PBS/wo; Gibco, Grand Island, NY). 
Cells were resuspended in tissue culture media 
consisting of RPMI-1640 (Gibco) with 0.03% 
i-glutamine (Sigma, St. Louis, MO), 10 units/m! 
penicillin, 10 ng/ml streptomycin (Difco, Detroit, 
MI), and 5% heat-inactivated fetal bovine serum 
(Sterile Systems, Logan, UT). The fetal bovine 
serum had endotoxin levels of less than 0.08 ng/ml 
as assessed by the Limulus amebocyte lysate method. 
To ensure that cells were cultured under endotoxin- 
“free” conditions, endotoxin-free H,0 was used in 
making all solutions, and disposable plasticware was 
used during cell isolation and culturing. Cells were 
then plated onto tissue culture plates (35 mm2 well 
cluster 6 plates) at 1 - 3 x lO1’ cells/well, allowed to 
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adhere tor 2 h, and washed twice with media or PBS 
to remove nonadherent cells. Greater than 95°7o of 

the cells isolated in this manner were viable and 941¾ 

of the adherent cells stained positive with nonspecific 

esterase stain used to identify macrophages. 

Macrophage treatments and preparation of cell 
lysates 

Following isolation by adherence, macrophages 

were placed in RPMI-1640 containing glucan-P, 

glucan-F or LPS (positive control) and were 

incubated for 2 or 20 h at 37°C in a f ff7o CO, - 95ff'o 

air atmosphere. Macrophage cultures were " ished 

three times with PBS, counted and then ,.eze- 

thawed three times to lyse cells. Cell lysates were 
harvested and centrifuged for 10 min at 300 g to 
remove cellular debris before use. 

Interleukin-1 assay 

IL-1 production by macrophages incubated with 

glucan-P, glucan-F, or LPS was measured using the 

thymocyte proliferation assay (Oppenheim, Togawa, 

Chedid & Mizel, 1980). Thymocytes (2-3 x Kf) 

from 5 to 8-week-old C3Fl/PIeJ mice were suspended 

in 0.1 ml of RPMI-1640 supplemented with 0.()30¾ 

i-glutamine, 10 units/ml penicillin, 10 ng/ml 

streptomycin, 10¾ heat-inactivated fetal bovine 

serum, 50 jjM 2-mercaptoethanol, and 1 /jg/ml 

concanavalin-A (Con A; Calbiochem, San Diego, 

CA) and then plated on 96 well tissue culture plates. 

A tenth of a milliliter of appropriate macrophage 

lysate diluted 8:1 was added to each dish. Cultures 
were set up in triplicate and incubated at 37°C in a 

5¾ CO;-95% air atmosphere. After 3 days, 

H thymidine (I ^Ci/well) was added to each well, 

and the plates were incubated for a final 18 h. Cells 

were harvested on fiber filters (Scantron, Vienna, 

VA), using a cell harvester; filters were air dried and 

counted for radioactivity. Glucan-P and glucan-F 

added directly to thymocytes at 100 ^g/nil did not 

increase thymidine incorporation. Each experiment 

also included thymocytes treated with varying 

concentrations of recombinant IL-1. 

Superoxide measurement 

Superoxide was assayed by measuring the 

superoxide dismutase (SOD)-inhibitable reduction of 
cytochrome C (Johnston, Godzik & Cohn, 1978). 

Cells were washed twice with Krebs - Ringer, 

phosphate containing 10 mM glucose (KRPG), and 

then 1 ml of reaction mixture (KRPG containing 

50 pM/ml ferricytochrome C (Sigma, St. Louis, 

MO) with or without 0.1 mg/ml SOD) was added to 

each dish along with 500 ng/ml of phorbol myristate 

acetate (PMA; Consolidated Midland, Brewster, 
NY). Dishes were incubated at 37°C for 1 h, at 

which time the supernatant was harvested and the 

absorbance at 550 nm was measured spectro- 

photometrically. The value of the absorbance with 

SOD was subtracted from the value of the 

absorbance without SOD to determine superoxide 

levels. Superoxide levels were computed by using an 
extinction coefficient of 21,000. 

Protein measurement 

Macrophages were washed three times with PBS 

and lysed overnight in 0.2% Triton X-100. The cell 

lysate was measured for protein using the Bio-Rad 

method (Bio-Rad, Richmond, CA) using bovine 

serum albumin as a standard. The Bio-Rad assay 

utilizes the fact that when protein binds to an acidic 

solution of Coomassie Brilliant Blue G-250 the 

absorbance maximum shifts from 465 to 595. As 

noted by others, there is a linear relationship between 

the number of murine peritoneal macrophages and 

their protein content (Johnston et al., 1978). 

Fc-mediated phagocytosis 

Fc-mediated phagocytosis was measured using MCr 

labeled bovine erythrocytes (E). E were labeled by 

adding 200 pCi of Na^CrOj (NEN, Boston, MA) to 

4 ml of 5% (v/v) E in PBS and incubating for 1 h at 

37°C with frequent mixing. MCr-labeled E w-ere 

washed three or four times in PBS and coated with 

anti-E(IgG) (Cordis, Miami, FL). Macrophage 

cultures were washed twice with PBS, and RPMI- 

1640 without serum or other additives was added 

along with MCr-E(IgG) at an Etmacrophage ratio of 

50:1. Dishes were incubated for 1 h at 370C in a 5% 

CO, atmosphere. Cultured cells were then washed 
twice with PBS to remove noningested E(IgG), and 

0.2% sodium chloride was added for 30 s to lyse any 

extracellular E(IgG). Dishes were again washed twice 

with PBS, and 1 ml of hypotonic buffer (0.01 M 

4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid 
[HEPES] pH = 7.4, 1.5 mM MgCL) was added to 

each well for 5 min to induce swelling. After 

swelling, 0.1 ml of lysis solution (3 ml of glacial 

acetic acid 5 g ethyihexadecyldimethylammonium 
bromide in 100 ml of H:0) was added for 10 min. 

The cell nuclei which remained intact were counted 

to determine cell number while the ’’Cr in the 

supernatant was measured to quantitate ingestion of 
E(IgG). 

Zymosan and latex bead ingestion 

Immunological grade zymosan (ICN, St. Louis, 

MO) was prepared by boiling a 0.2% w/v solution of 
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zymosan in 0.9a'n saline for 15 min, followed by 
three washes in PBS wo. Three hundred mierograms 
of zymosan were added to each well containing 
2 X 10'macrophages in RPMI-1640 without serum. 
Macrophages were allowed to ingest zymosan for 1 h 
at 37 C, washed three or four times with PBS, fixed 
in formalin - acetone fixative, air dried, and counted 
microscopically to determine the number of macro¬ 
phages that ingested two or more zymosan particles. 

Fluorescently labeled latex beads 1.97 microns in 
diameter (Polysciences Inc., Warrington, PA) were 
added to dishes of macrophages at a concentration 
that resulted in 9()ffro of the control macrophages 
ingesting three or more beads. Dishes were incubated 
for 60 min, washed three times with PBS to remove 
uningested beads, fixed in formalin - acetone 
fixative, and counted as above. 

Statistical analysis 

Unless indicated otherv/ise, data are represented as 
mean ± S.E.M. Statistical comparisons were made 
using the Mann-Whitney test. Where numerous 
(three to five) comparisons were made with a 
control, the Bonferroni inequality was used to 
distribute Type I error. All expressions of 
significance reflect this distribution of error. 

RESULTS 

Adherent cell protein 

To determine whether incubation with glucan 
affected the number of adherent macrophages in 
culture, the amount of adherent cell protein 
remaining after a 2 or 20 h incubation with varying 
concentrations of glucan-P or glucan-F was 
measured. There were no changes in the amount of 
adherem protein when macrophages from either 
C3H/HeN or C3H/HeJ mice were exposed for 2 h 
to concentrations of glucan-P or glucan-F ranging 
from 0.1 to 100qg/ml (data not shown). However, 
after a 20 h incubation, macrophages from 
C3H/HeN mice (HeN-MO) treated with either 10 or 
100 pg/ml of glucan-F showed a small (12-15*%) 
decrease in adherent cell protein [Fig. 1(A)], 
Adherent protein from macrophages obtained from 
C3H/HeJ mice (HeJ-M0) incubated for 20 h was 
not reduced by any concentration of glucan-P or 
glucan-F tested [Fig. 1(B)1. 

Superoxide release 

When macrophages from HeN-M0 and HeJ-M0 
were cultured continuously for 20 h in glucan-P or 

A C3H/HeN 

u B C3H/HeJ 
■5 1 20r——^- 

Glucan P In9 ,nl1 Glucan-F 

Fig. 1. Effect of glucan-P and glucan-F on adherent 
macrophage protein levels. Macrophages from either 
C3H/HeN or C3H/HeJ mice were isolated, allowed to 
adhere for 2 h, washed twice and refed media containing 
various concentrations of glucans. After 20 h cells were 
washed twice with PBS, adherent cells were lysed in 0.2% 
Triton-X and the protein content of the lysate assayed. 
Data are expressed as % nonglucan-treated dishes 

(control). 

glucan-F and subsequently stimulated with PMA, a 
dose-dependent increase in superoxide (O. ) 
production was noted (Table 1). In the absence of 
pretreatment with glucan, PMA-induced O, 
production was 40-60% lower in HeJ-M0 than in 
HeN-M0. A 20-h incubation with glucan-P 
enhanced O, release by HeJ-M0 in a dose- 
dependent manner so that O, release by HeJ-M0 
was comparable with that seen in HeN-M0. In 
contrast to the effect of glucan-P on O, production, 
glucan-F produced only a relatively small O, 
stimulation in HeJ-M0, compared with the response 
of HeN-M0 incubated with glucan-F (Table 1). The 
ability of glucan to alter O, release occurred 
rapidly, since even a 2-h incubation with either 
glucan increased PMA-induced superoxide release, 
albeit to a lesser extent than the 20 h incubation. 

It is well known that exposure to TPS primes 
macrophages so that they produce a large oxidative 
burst when exposed to subsequent stimuli (Pabst & 
Johnston, 1980). Figure 2 presents the PMA-induced 
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Table 1. Effect of preincubation with glucan-P and glucan-F on PMA-induced superoxide 
release' 

» 

O 
(nM mg protein h) 

Stimulus 
t^ig ml) 

C3H HeN C3H HeJ 

: h 20 h 2 h 20 h 

Control 

Cilucan-P 
(1) 
(10) 

(100) 

Glucan-F 
(1) 

(10) 

(100) 

70 + 9 61 ± 10 50 ± 7 24 ± 3 

81+8 149 ± 17* 
133 + 40* 181 ± 14* 
200 ± 24* 216 ± 24* 

54 + 4 90 + 15' 
82 ± 6* 204 ± 20' 

140 ± 9* 268 ± 291 

88 ± 12 139 ± 21' 
99 +11 188 ± 10' 

loi ± 27* 285 ± 13’ 

52 ± 8 32 ± 5 
49 + 7 42 + 9 
59 ± 8 60 +11 

*/J<0.01 with respect to control values. 
fC3H HeN and C3H/HeJ macrophages were incubated for either 2 or 20 h in glucan-P or 
glucan-F. Cells were washed three times and superoxide release measured by the method of 
Johnston et al. (1978) using PMA (500 ng/ml) as the trigger. Control data are from 
untreated macrophages cultured for 2 or 20 h. Data represent mean ± S.E.M. of either 
12 or 15 different determinations. 

A. Control B. + Gluean F 

oi 
E 
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Fig. 2. Effect of EPS, glucan-P. and glucan-F on PMA- 
induced superoxide production in C3H/HeN (solid line) 
and C3H/HeJ (dashed line) macrophages. Cells were 
incubated for 2, 24 or 48 h in either tissue culture medium 
(control) or in tissue culture medium containing EPS 
(20 pg/ml), glucan-P (100 pg/ml), or glucan-F (100 pg/ml) 
as indicated. Note that the scale in A for the ordinate 
differs from the other graphs. Data, which are one 
representative experiment, are the mean ± S.E.M. of three 

measurements. 

Table 2. Glucan-P, glucan-F, zymosan and PMA-stimu- 
lated Superoxide release* 

O 
(nM/mg protein/h) 

Stimulus C3H/HeN C3H HeJ 

Control 0 0 

PM A 90 + 15 50 ± 3 
(500 ng/ml) 

Glucan-P 58 ± 12 44 + 8 
(100 pg/ml) 

Glucan-F 0 0 
(KM) pg/ml) 

Zymosan 42 ± 6 27 ± 3 
(100 pg/ml) 

•Peritoneal macrophages from either C3H/HeN or 
C3H/F!eJ mice were incubated with stimuli plus the 
reaction mixture for I h (N = 9). 

superoxide production in macrophages that had been 
cultured for 2, 24 or 48 h in LPS, glucan-F or 
glucan-P. Figure 2(A) shows the O, response of 
untreated HeJ-M0 and HeN-M0 to PMA. The O, 
production of both HeJ-M0 and HeN-M0 
decreased with time in culture so that, by 48 h in 
culture, little 0; was produced by either cell type. 
As noted in Table 1, HeJ-M0 that have been 
cultured for 2 or 24 h produce less 0; than 
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Table 3. Effect of preincubaiion with gliican-P and glucan-E on interleukin-1 
production* 

l 'HI Thymidine uptake 
(counts/min x 10 ') 

Macrophage lysate (n) C3H HeN C3H/HeJ 

Con A1 (27) 1.87 + 0.22 1.87 ±0.22 

Control* (24) 2.77 ± 0.49 3.04 ± 0.68 

Glucan-P (6) 3.99 ± 0.41 3.30 ± 0.43 
(1 Mg/ml) 

Glucan-P (24) 15.87 ± 2.30 6.09 ± 0.92 
(100 pg/ml) 

Glucan-P (6) 5.74 + 0.72’ 2.52 ±0.15 
(1 pg/ml) 

Glucan-P (24) 6.89 + 1.53’ 2.82 ± 0.44 
(100 pg ml) 

TPS (24) 43.37 ± 5.52 26.68 + 4.82 
(20 pg/ml) 

EPS5 (9) 28.68 ± 8.02 5.06 ± 0.98 
(1 pg/ml) 

IL-1+ (16) 61.88 ± 6.40 61.88 ±6.40* 
(2 ng/ml) 

♦Interleukin-1 production was assayed using the thymocyte proliferation 
assay. 0.1 ml of macrophage lysate diluted 8:1 from macrophages treated 
with indicated stimulus was added to wells containing thymocytes and Con A 
(I pg/ml). After a 3 day incubation, I'H] thymidine was added and dishes 
were incubated for 18 h before uptake of thymidine was assayed. 
'Agents were added in the absence of lysate. 
'Control lysate was from untreated macrophages cultured for 20 h. 
'Values for LPS-stimulated macrophage lysate were not corrected for the 
effects of EPS on the thymocyte proliferation. 5.26 ± 1.18 x 10'’ counts/ 
min were obtained from wells containing EPS (20 pg/ml) in the absence of 
macrophage lysate. 
P<0.001 as compared with respective control values. 

’P<0.05 as compared with respective control values. 

HeN-M0. In this experiment glucan-P (lOOpg/ml) 
was a significantly better stimulus for HeJ-M0 than 
for HeN-M0 [Fig. 2(C)], (The same trend also is 
evident in Table 1 for treatment with lOpg/ml and 
100 )tg/ml of glucan-P.) In HeJ-M0, glucan-F 
(lOOfLg/ml) did not stimulate PMA-induced O, 
production [Fig. 2(B)], and E PS [Fig. 2(D)] (20 ¡jg/ 
ml) was a poor stimulus. Incubating FleJ-M0 with 
both LPS and glucan-F did not further enhance 
superoxide production (data not shown). In contrast, 
in HeN-M0 both these agents produced a large 
increase in PMA-induced O, production, which 
increased with time of exposure. 

Related studies also examined the ability of 
glucan-P or glucan-F to directly trigger the oxidative 
burst by measuring O, production in cells in which 
glucan-P, glucan-F, or zymosan (another well- 
known trigger of the oxidative burst in phagocytes) 
were substituted for the PMA in the ferricytochrome 
C reaction mixture. Both glucan-P and zymosan 
(particulate stimuli that are ingested by the 
macrophages) stimulated O," release in HeN-M0 
and HeJ-M0 in the absence of PMA, while glucan-F 
was ineffective (Table 2). However, neither glucan-P 
nor zymosan were as effective at triggering the 
release of O- as was PMA. 
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Table 4. Effects of ami-inierleukin-l-a on thymocyte proliferation assay* 

I 111 Thymidine uptake 
(counts/min x 10 ') 

C3H HeN C3HHeJ 

Ami-IL.-1f Anti-1 L-1f 

Macrophage («) - + - + 

lysate 

Con A (5) 

( 1 pg/ml) 

Control1 (5) 

IPS (5) 
(20 pg/ ml) 

Glucan-P (5) 
( 100 (jg/ml) 

Glucan-F (3) 
(100 pg/ml) 

1.9 ± 0.2 

2.2 ± 0.2 

52.3 ±9,1 3.1 ±0.9 

10.0 ±4.4 2.4 ±1.ft 

12.0 ±4.9 2.9 ± 4.9 

1.9 ± 0.2 

1.7 ± 0.4 

4.5 ± 0.6 1.1 ±0.3 

3.6 ± 0.1 1.1+().7 

1.9 ±0.8 0.6 ±0.1 

’Experiments were done as in Table 1, except rabbit polyclonal anti-IL-l-o antibody was added to 
some of the samples as indicated. In control studies not shown rabbit polyclonal anti-human 
albumin did not reduce thymidine incorporation. 

'Polyclonal rabbit anti-mouse IL-l-o (Genzyme Corp., Boston, MA) was added at a 
concentration of 0.4 units (40 pi) to a final volume of 200 pi. 

^Untreated HeN and HeJ macrophage lysates. 

IL-! production 

As shown in Table 3, the incorporation of 
thymidine by thymocytes exposed to either Con A 
alone or to Con A plus lysate from untreated 
macrophages did not differ significantly, indicating 
that untreated macrophages had little or no IL-1 
activity. In contrast, exposure of macrophages to a 
high concentration (20 pg/ml) of LPS (a well-known 
inducer of IL-1 production in macrophages; Dinar- 
ello, 1988) resulted in HeJ-MQand HeN-MO lysates 
that increased thymidine incorporation over the 
incorporation produced by control lysates by sixteen¬ 
fold and nine-fold, respectively. Lowering the 
concentration of LPS to I pg/ml decreased the 
lysate-induced stimulation of thymidine incorpor¬ 
ation to ten-fold for HeN-MO lysates and to only 
two-fold for HeJ-M0 lysates. These results are 
consistent with previous studies indicating that 
although macrophages from C3H/HeJ mice are less 
sensitive to LPS they are still capable of responding 
to high LPS concentrations (Vogel & Rosenstreich, 
1981). 

The data in Table 3 also demonstrate that 
although glucan-P did not stimulate IL-1 production 
as effectively as LPS, 100 pg/ml of glucan-P 
stimulated thymocyte proliferation by six-fold and 
two-fold in HeN-M0 and HeJ-M0, respectively. A 
lower concentration of glucan-P (1 pg/ml) was 

ineffective. In contrast, 100 pg/ml of glucan-F had 
no effect on thymocyte proliferation activity of 
HeJ-M0 lysates, while it increased the proliferation 
activity of HeN-M0 lysates by two-fold. This 
difference was not a concentration effect because, 
in a subsequent experiment, 500 pg/ml of glucan-F 
also failed to stimulate production of the thymo¬ 
cyte proliferation factor in HeJ-M0 (data not 
shown). 

To determine if the thymocyte proliferation 
induced by lysates from glucan-treated macrophages 
was due to the presence of IL-1, lysates that had been 
incubated with rabbit polyclonal antibody against 
mouse IL-1-a were tested in the proliferation assay. 
As a control, lysates also were incubated with rabbit 
polyclonal antibody against human albumin. Data 
from these experiments (Table 4) indicate that while 
anti-human albumin did not reduce thymocyte 
proliferation induced by lysates of macrophages 
treated with LPS, glucan-P, or glucan-F, anti-IL-l-a 
reduced thymocyte proliferation to control levels, 

Phagocytosis 

Opsonized erythrocytes. HeN-M0 and HeJ-M0 
grown in tissue culture for 20 h ingested, during 
the ! h incubation with E(IgG), an average of 
3.4 ± 0.2 and 2.6 ± 0.3 E(IgG) per macrophage, 
respectively. Culturing C3H/HeN and C3H/HeJ 
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A. C3HHeN 
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i ig. 3. Effect of glucan-P and glucan-F on the phagocytosis 
of IgG coated erythrocytes (E(IgG)]. Fc-mediated phago¬ 
cytosis was measured using 'Cr-iabeled IgG coated bovine 
erythrocytes (described in Experimental Procedures). M0 
were treated as in Fig. 1. Data are expressed as % control 
(nonglucan-treated dishes). *P<0.05, with respect to con¬ 

trols, ••PCO.OOI, with respect to controls. 

macrophages for 20 h in the presence of I00ytg/ml 
of glucan-P decreased the phagocytic index to 50 and 
379¾ of control values, respectively (Fig. 3). In 
contrast, incubation with glucan-F (l-100pg/ml) 
had no detrimental effect on ingestion of E(IgG) in 
either cell type, and actually enhanced phagocytosis 
at I00pg/ml in HeJ-M0 [Fig. 3(B)). 

In order to determine if a briefer exposure to 
glucans would produce similar effects on E(IgG) 
phagocytosis, C3H/HeN and C3H/HeJ macro¬ 
phages that had been cultured for 19 h in control 
media were incubated with glucan-P or glucan-F 
(1 - 100 pg/ml) for only the 20th h of culture and 
then assayed for E(lgG) ingestion. There was no 
difference between the phagocytic index in these cells 
and control cells which had been cultured for 20 h in 
the absence of glucans (data not shown). These 
studies indicate that the inhibitory effect of glucan-P 
on E(IgG) phagocytosis develops with time after 
glucan exposure. 

Latex beads. In order to determine if a 20 h 
exposure to high concentrations of glucan-P also 
produced a similar inhibition in phagocytosis when a 

A 
80 r" 
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C3H/HeN C3H;HeJ 

Fig. 4. Effect of glucan-P and glucan-F on ingestion of 
zymosan. Macrophages which had been exposed to 
lOO^ig/ml of glucan-P or glucan-F for 2 or 20 h were 
incubated with zymosan particles at a ratio of 50 zymosan 
particles to 1 macrophage for 1 h. Data are expressed as % 
control (nonglucan-treated macrophages) phagocytosis. 

*P<0.001, with respect to controls 

different type of particle was ingested, HeN-MO and 
FleJ-M0 were exposed to latex beads immediately 
after incubating cells with either 100 pg/ml of 
glucan-P or glucan-F for 20 h. While a short (1 h) 
exposure to glucan-P had no effect on the number of 
macrophages ingesting latex beads, a 20 h exposure 
to glucan-P decreased the percentage of 
macrophages ingesting two or more beads to 70 ± 3 
from 95 ± 2 for HeJ-M0 and to 66 ± 3 from 98 ± 1 
for HeN-M0. In contrast, incubating either HeN- 
M0 or HeJ-M0 with glucan-F (100 /jg/ml) for 20 h 
had no effect on the number of macrophages 
ingesting latex beads. 

Zymosan. In human monocytes, the ingestion of 
zymosan, which is composed of /3-glucan and 
o-mannan, is reduced by >50% following a 40 min 
pretreatment with soluble glucan (Czop & Austen, 
1985a). To determine if glucan-P and glucan-F had a 
similar effect on HeN-M0 and HeJ-M0, the 
ingestion of zymosan by macrophages previously 
exposed to glucan-P and glucan-F for either 2 or 20 h 
was monitored. In contrast to our previous results 
monitoring the ingestion of E(IgG), the ingestion of 
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zymosan was significantly decreased in both 
HeN-MO and HeJ-M0 exposed to either glucan for 
2 ot 20 h (Fig. 4). 

msci ssiON 

While soluble and particulate glucans have some 
of the same beneficial in vivo effects, particulate 
glucans can induce severe inflammatory responses 
such as granuloma formation (DiLuzio, 1983). 
Macrophages possess a specific /3-glucan receptor 
whose stimulation during phagocytosis leads to the 
generation of leukotrienes (Czop & Austen, 1985b), 
the potentiation of cytostatic capacity (Seljelid el al., 
1984) and the release of acid hydrolases (Bogwald el 
al., 1984). Therefore, it is likely that some of the 
detrimental effects of particulate glucan in vitro are 
likely to involve macrophages, and in particular the 
production of free radicals and cytokines by these 
cells. In order (1) to understand the difference 
between glucan-F and glucan-P and (2) to investigate 
the responsiveness of macrophages containing the 
lpsJ gene to these immunomodulators, we have 
compared the affects of glucan-P and glucan-F on 
macrophages from both C3FI/FIeN and C3H/Ffe.l 
mice by assessing three different macrophage 
functions, phagocytosis, 1L-I production and 
oxidative burst potential. 

Incubation for 2 or 20 h with either glucan-P or 
glucan-F diminished the ingestion of zymosan in 
both FleJ-MO and HeN-MO. These observations are 
in agreement with the findings in human 
macrophages that a 40 min exposure to ß-glucan 
results in a large decrease in the subsequent ingestion 
of zymosan (Czop & Austen, 1985a,b), and suggest 
that zymosan (which is composed of both mannan 
and glucan) ingestion by macrophages may be 
mediated through a /Tglucan receptor. They are also 
in agreement with the observation that ingestion of 
heat-killed yeast by mouse peritoneal macrophages is 
mediated by /3-glucan receptors (Goldman, 1988). 
Furthermore, as reported in human macrophages 
(Czop & Austen, 1985a), we found that the ingestion 
of E(IgG) or latex beads was unaffected by short 
(1 - 2 h) incubations of HeN-M0 or HeJ-M0 with 
either glucan-F or glucan-P. On the other hand, a 
20 h incubation with 100 pg/ml of glucan-P 
produced a 40-60% inhibition of the ingestion of 
both E(lgG) and latex beads in both HeJ-M0 and 
HeN-M0. Since the ingestion of both latex beads 
and E(IgG) were similarly inhibited by prolonged 
incubation with high concentrations of glucan-P, it 
appears that this is a relatively nonspecific decrease 

in endocytic ability. It is possible that this inhibition 
may involve simply “filling the cells up” with glucan 
particles. 

Enhancement of the oxidative burst is often an 
important part of macrophage activation and is 
associated with both enhanced cytotoxicity and 
chronic inflammation. The ability of glucan-P but 
not glucan-F, to induce superoxide release in the 
absence of additional stimuli (Table 2) is not 
surprising given the observation that zymosan 
ingestion, which is mediated predominantly by 
/3-glucan receptors (Goldman, 1988; Czop& Austen, 
1985a), stimulates superoxide production in 
macrophages. These observations suggest that the 
lack of in vivo inflammatory effects of glucan-F is 
related in part to its inability to elicit an oxidative 
burst in the absence of other stimuli. 

Both glucan-F and glucan-P increase PMA- 
induced C): production in HeN-M0, but only 
glucan-P, not glucan-F, enhanced PMA-induced O, 
production in HeJ-M0. Since it is well known that 
macrophages exposed to EPS exhibit an enhanced 
oxidative burst and that macrophages from C3H/ 
FieJ mice are defective in this response (Pabst & 
Johnston, 1980), it is important to note that the 
glucan preparations used in these studies had no 
detectable levels of EPS (see Experimental 
Procedures). Thus, the data in Table 1 and in Fig. 
2(B), reflect real differences in the ability of glucan-F 
(not TPS) to activate macrophages from C3H/HeJ 
and C3H/FfeN mice. Figure 2(A) and Table 1 
demonstrate that HeJ-M0 cultured for 2 h release 
less O; in response to PMA than HeN-M0, and 
that PMA-induced superoxide production decreased 
with time in culture in macrophages from both 
substrains of mice. The stimulatory effect of glucan- 
F, like EPS, on the PMA-induced release of O by 
HeN-M0 increased with the length of exposure to 
these agents. Surprisingly, the priming effects of 
glucan-P on HeN-M0 were unchanged by the length 
of exposure to glucan-P [Fig. 2(C)]. In contrast, the 
priming action of glucan-P in HeJ-M0 was 
augmented by an increased length of exposure [Fig. 
2(C)]. Thus, in terms of priming cells for increased 
PMA-induced O, production HeN-M0 and HeJ- 
M0 respond differently to glucan-P, and HeJ-M0 
fail to respond to glucan-F. 

Our results indicating that glucan-P and glucan-F 
both produce significant increases in IL-1 production 
in HeN-M0, are consistent with previous in vitro 
observations in mouse and human peritoneal 
macrophages that both soluble and particulate 
glucan increased IL-1 activity in cell supernatants 
(Sherwood er a/., 1987; Rasmussen & Seljelid, 1989). 
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Similarly, in vivo administration of soluble glucan in 
rats induces IL.-l production in splenic macrophages 
12 h after administration (Sherwood et al., 1987). 
However, in contrast to our findings in HeN-M0, 
only glucan-P, not glucan-F, induced 1L-1 
production in HeJ-M0. The failure of glucan-F to 
induce production of IL-1 in HeJ-M0 was not due to 
a decrease in the number of macrophages, since, as 
shown in Fig 1, incubation with glucan-F actually 
produced a small increased in adherent cell protein. 
Thus, glucan-P activation of macrophages leading to 
an increase in IL-1 production as well as a priming of 
PMA-induced superoxide production involves either 
a different pathway or additional pathways (possibly 
related to endocytosis) from the signalling 
pathway(s) activated by glucan-F. 

Previous studies have shown that both 
lymphocytes and macrophages from C3H/HeJ mice 
exhibit normal specific binding of LPS to their cell 
surface (Gregory et al., 1980; Haeffner-Cavaillon et 
al., 1983), suggesting that hyporesponsiveness to 
LPS is related to a defect in cell signalling rather than 
in receptor binding. This view is supported by several 
other observations, including the failure of HeJ-M0 

to produce IL-1 in response to A23I87 (Shinomya & 
Nakano, 1987) and the ability of y-interferon to 
reverse the hyporesponsiveness of HeJ-M0 to LPS 
(Beutler, Tkacenko, Milsark, Krochin & Cerami, 
1986). A recent study by Terada, Shinomya & 
Nakano (1989), which reported that HeJ-M0 lack a 
calmodulin-binding protein, suggests the defect may 
involve a Ca signalling event. Our observations 
demonstrate that HeJ-M0 respond abnormally 
(when compared with HeN-M0) to another 
substance, glucan-F. Thus, glucan-F provides an 
additional tool for elucidating the functional deficit 
in C3H/HeJ mice. While these findings do not 
elucidate the mechanism of glucan-F activation of 
macrophages, they suggest that glucan-F, but not 
glucan-P, relies on similar signalling pathways to 
activate macrophages as does LPS. 
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This study presents an e.s.r. assay for superoxide dismutase (SOD). Enzymic reactions were studied in which Cu,Zn-SOD, 
Mn-SOD and Fe-SOD each competed with the spin trap 5,5-dimethyl-1-pyrroline 1-oxide (DMPO) for superoxidc anion 
(O., ) at pH 7.8, 02 from dissolved KO., (potassium superoxide) in dimethyl sulphoxidc was added directly to the enzyme 
solutions containing DMPO. The results show that, in this competition reaction system, the kinetics of the reactions 
between the enzymes and 02 follow a function y = f([SOD](l"r>). The rate constant. ksoil = 6.4 x 10“ m'S '. determined 
for Cu,Zn-SOD is approximately an order of magnitude larger than those for Mn-SOD and Fe-SOD. A comparative 
study of reported SOD mimics, including Mn2+, Mn02-desferrioxamine mesylate (Desferal) and MnO,2 Desferal-as- 
corbate, was done. The results show that solutions of these complexes are approximately three orders of magnitude less 
active than Cu,Zn-SOD and approximately two orders of magnitude less active than Mn-SOD or Fe-SOD. The results 
also suggest that the reactivity toward 02 in solutions of these complexes originates from the Mn2+ present and not from 
the MnO._, Desferal complexes. 

INTRODUCTION 

Enzymes catalysing the dismutation of superoxide anion (Ü., ) 
have been isolated, characterized and discussed in various papers 
and reviews [1 6], These superoxide dismutase (SOD) enzymes 
contain metal ions which are cyclically reduced and oxidized 
during catalysis [7 9], Although exact details of the catalytic 
mechanism are still under investigation, the cyclic redox reactions 
of the metals as shown in reactions (I) and (2) are generally 
accepted [10]: 

M"‘ • SOD + O., i±[M^-SOD —O, ]ï±M'" ,H-SOD+ 0, ( I ) 
M'" ,,+ -S()D-t-0, +2H ^|Mr" u+-S0D-0,H,]i± 

M"+.SOD+ 1(.,0, ’ ’ (2) 

Two of the three types of metal-containing enzymes, Cu.Zn- 
SOD and Fe-SOD, have been studied by stopped-flow techniques, 
and the resultant data lit the 5 'ehaelis-Menten steady-state 
kinetic model [II 13]. Steady ate assumptions provide the 
rationale for many competition kinetic assays developed for 
reactions having transient free radicals as substrates [14,15], The 
present paper reports results of competition-kinetic studies of 
SOD enzymes and of manganese-containing preparations that 
are reportedly mimics of SOD enzymes. 

Competition assays for O, dismutase activity in aqueous 
solutions have a background spontaneous dismutation reaction 
occurring (reaction 3): 

21C + 20, -H,0, + O2 (3) 

The rate constant for this reaction is approx. 2 x 10r> m 1 - s 1 at 
pH 7.8 [16], Any detector molecule must compete for O, against 
this spontaneous dismutation background reaction plus 
dismutase enzymes or mimics present in reaction solutions. 5,5- 
Dimethyl-1-pyrroline I-oxide (DMPO) reacts with 0,, forming 
the DMPO O, spin adduct radical through the bimolecular 
mechanism shown in reaction (4) [17]: 

O, + DMPO-DMPO O, (4) 

The calculated rate constant (/cI1Ml,D) for reaction (4) is about 
18 m 1 - s 1 at pH 7.8, and the spin adduct formed is sufficiently 
stable for quantification by e.s.r. [18,19], It is known that O, 
reacts with both of the spin adducts: DMPO O, and the 
decomposition product, DMPO OH, formed from DMPO 0, 
[20,21]. The products of these reactions with 0a are e.s.r.-silent. 
The rates of each reaction depend on the concentrations of 
DMPO 02 . DMPO OH and the O, concentration. Therefore, 
competition experiments using DMPO as a detector should rely 
on an initial introduction of O, rather than a steady-state flux 
of 02 generated continuously to minimize formation of e.s.r.- 
silent products. Also, it must be demonstrated that the combined 
DMPO 0, and DMPO OH e.s.r. signal varies with the log¬ 
arithm of the SOD concentration. This insures that spontaneous 
dismutation plus scavenging by DMPO 0, and DMPO OH 
are not masking 0., removal by SOD, permitting the use of 
DMPO as a detector molecule in competition assays over a 
limited range centred around the equality shown in cqn. (A): 

A„m„o[DMPO][0, ] = AS(1D[SOD][0, ] (A) 

Reactions (1) ana (2) combined have the overall rate con;tint 
Aso[). The comparatively low Ar)MI,0 value permits compel,^on 
assays for relatively small SOD concentrations, since AS0D v; lues 
approach rate constants for diffusion-controlled reactions 
[7,22,23], 

A dismutase assay based on competition between SOD and 
DMPO for 02 has been described [19], The assay used a 
xanthine -xanthine oxidase 02 -generating system rather than an 
initial introduction of potassium superoxide (K02) as described 
in the present study. The decrease in DMPO 02 -spin-adduct 
concentration was measured at various SOD concentrations and 
found to be a logarithmic function of the enzyme concentration. 
The concentration of SOD that reduced the DMPO O, spin 
adduct concentration by 50% (ID-,,) was determined, and eqn. 
(A) was used to calculate A30D values for Cu,Zn-SOD, Fe-SOD, 
Mn-SOD, and additional 02 scavengers. 

Abbreviations used: SOD. superoxide dismutase; 02 , superoxide (anion); DMPO, 5,5-dimelhyl-l-pyrroline 1-oxide; DMSO, dimethyl sulphoxide; 
1D50, concentration of SOD that reduced the DMPO Oy-spin adduct concentration by 50%; Desferal, desferrioxamine mesylate; K02, potassium 
superoxide. 
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The search for low-molecular-mass SOD mimics has been 
extensive, because such compounds could augment endogenous 
cellular enzyme levels [24-28]. Recently, Mn complexes of 
desferrioxamine mesylate (Desferal) have been prepared and 
examined for SOD-enzyme-mimetic activity [29,30], Two of 
these Mn Desferal complexes appear to have 02 -dismutation 
activities equal or superior to Mn2+ when assayed by the 
cytochrome ccompetition assay [31], However, EDTA eliminated 
the 0,, dismutase activity of each complex and that of Mn‘-+ 
[31,32]. In addition, there are numerous subtle artifacts that may 
undermine attempts to assay dismutase activities of metals or 
metal complexes by the cytochrome c assay method [33], First, 
oxidized cytochrome c may be reduced directly by the metal or 
metal complexes [34,35], Conversely, reduced cytochrome c may 
be oxidized by the metal or metal complexes [36,37], Also, the 
test compound may inhibit the enzymic production of O., by the 
xanthine-xanthine oxidase generating system. Finally, rapid 
reoxidation of the reduced metal intermediate by molecular 
oxygen (reversal of reaction 1) must be considered in assays 
generating a low steady-state concentration of Oa [33], These 
problems have led to numerous attempts to develop an alternative 
method for determining SOD activity. The present paper reports 
the utilization of an e.s.r. method based on competition for Oa 
between DMPO and authentic SOD enzymes or suspected 
mimics. 

EXPERIMENTAI. 

Bovine erythrocyte Cu,Zn-SOD, Escherichia cali Mn-SOD 
and Fe-SOD. Desferal, horse heart cytochrome c, xanthine, 
xanthine oxidase. L-ascorbic acid, potassium superoxide and 
Hepes buffer were obtained from Sigma (St. Louis, MO, U.S.A.). 
MnSO, and phosphates for buffers were obtained from Fisher 
Scientific Co. (Fair Lawn, NJ, U.S.A.)and manganese(IV) oxide 
(MnO.,) was from Alfa Products (Ward Hill, MA, U.S.A.). 
H.p.l.c.-grade dimethyl sulphoxide (DMSO) was purchased from 
Aldrich (Milwaukee, WI, U.S.A.). Chelex 100 cation-exchange 
resin was purchased from Bio-Rad Laboratories (Richmond, 
CA, U.S.A.). Reagents were used without further purification. 
All reagent preparations and transfers were done using poly¬ 
ethylene or polypropylene labwarc to avoid possible undesirable 
trace-metal-ion contamination from glassware. Metal-free water 
was used in all solutions. This water was obtained by stirring 
(4 6h: room temperature) Chelex 100 resin (!",,, w/v) with 
NANO-pure water obtained from a Sybron/Barnstead NANO- 
pure system. The water was then filtered using a 0.2 /mi-pore-size 
disposable plastic filter and stored refrigerated for further use. 
Buffers were treated again with Chelex 100 resin and the pH was 
adjusted to 7.8 before use. 

Solutions of SOD enzymes (0.01 100 nM) and manganese 
complexes (0.01 10//m) were prepared in metal-free phosphate 
or Hepes buffers (5 min, pH 7,8). The specific activity of SOD 
enzymes measured by the cytochrome c assay method was used 
to determine enzyme concentrations in solutions used in the 
kinetic experiments [1]. The green Mn02 Desferal and pink 
Mnü, Desferal ascorbate complexes were synthesized as de¬ 
scribed elsewhere [31] and assayed in kinetic experiments the 
same day. MnSO, solutions were prepared in metal-free water 
and then diluted to . te required concentration (0.01 10 /m) in 
buffer. 

The spin trap DMPO obtained from Aldrich was shown to be 
free of radical impurities by e.s.r. before its use in competition 
experiments. DMPO concentrations were deteruiined spectro- 
photometrically (wavelength 227 nm; f. = 8xl0:iM 1 ■ cm ') 
[38,39], 

The kinetic experiments were done by adding O, directly to 
buffered (pH 7.8) SOD, MnO,-Desferal, MnO, Desfcral- 
ascorbate or Mn2' solutions containing DMPO (0.2 m). The final 
pi 1 of reaction mixtures after completion of the experiments was 
pH 7.7 + 0.1. Saturated O, stock solutions were prepared by 
dissolving KO, in dry DMSO in capped plastic test tubes. The 
test tubes were fitted with a Teflon-covered syringe needle through 
which dry nitrogen gas was continuously bubbled to eliminate air 
and humidity above the solutions. In kinetic experiments, 
combined e.s.r. spectra of DMPO O, /DMPO OH spin adducts 
recorded 30-45 s after addition of sufficient KO, to yield 
20 //M-O, in reaction mixtures. Each point in the kinetic plots 
represents an average of at least five separate determinations 
made with different enzyme or manganese preparations. Since it 
is known that DMPO O, decomposes forming DMPO OH 
117.38,40], the spectrometer modulation amplitude was increased 
to 1.0 mT in order to combine the e.s.r. spectra ofthe DMPO O, 
and DMPO OH into a single e.s.r. spectrum. This procedure 
permits a more accurate measurement of the O, trapped by 
DMPO. The O, concentration in the KO, stock solution was 
measured by double integration of the first-derivative 
DMPO O, e.s.r. spectrum after addition of a known volume of 
KO, solution to 1.0 ml of DMSO containing DMPO (0.2 m). The 
stable free radical 3-carboxyproxyl was the concentration stan¬ 
dard used to estimate that the KO, stock solution was 2 itim. 
based on spectral integration and a 91 spin-trapping efficiency 
of O, by DMPO in DMSO [41 j. Spin-adduct concentrations in 
kinetic experiments were also determined by double integration 
of their first-derivative e.s.r. spectra. Furthermore, to avoid 
possible complications involving the presence of multiple spin 
adducts (DMPO O , and DMPO OH) having different lifetimes 
in aqueous solutions, double integrations were carried out using 
the complete e.s.r. spectrum of the DMPO spin adducts. This 
was achieved by rapidly scanning the sped -um over a large scan 
range and using a high modulation amplitude. The e.s.r. spectrum 
obtained in this manner is virtually collaps. d into a single peak. 

After recording an e.s.r. spectrum for double integration, an 
e.s.r. spectrum of a separate identical reaction mixture was 
recorded with the spectrometer set for the kinetic experiments. 
This allows the peak-to-peak height of an individual e.s.r. line to 
be correlated with the concentration of DMPO spin adducts, 
since all e.s.r. spectra in the kinetic experiments were taken under 
identical conditions and no changes were observed in the e.s.r. 
linewidths. Hereafter, the lou field e.s.r. peak used to determine 
the total spin-adduct concentration present will be referred to as 
DMPO O, \ 

All e.s.r. spectra were recorded on a Varian E-109 X-band 
spectrometer at 100 kHz magnetic-field modulation. The 
magnetic field was set at 340.0 mT. microwave frequency at 
9.510 GHz, microwave power at 10 mW and the time constant at 
0.128 s. The instrument settings for kinetic experiments and for 
double integration respectively were: modulation amplitude: 
1.0 mT and 4.0 mT; scan time: 2 min and 30 s; scan width: 
10 mT and 50 mT. For Mn2' e.s.r. spectra the magnetic field was 
set at 370.0 mT. microwave frequency at 9.510 GHz, microwave 
power at 10 mW, time constant at 0.25 s, scan time at 4 min and 
scan width at 200.0 mT. 

The data generated by competition assays were analysed by 
assuming that a steady stale was established during the reactions. 
The measured final concentration of DMPO O, spin adduct in 
the absence of dismutase. [DMPO O, ]„, is a function of the 
velocities of both the reaction of O, with DMPO. spontaneous 
O, dismutation at pH 7.8 (K,,,,^.; reactions 3 and 4), plus 
scavenging of O, by DMPO O, and DMPO OH spin adducts 

[DMPO -O, ]0 = f( VI)M,0, Fspon and FSA) 

1992 
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The measured final concentration of DMPO 0., spin adduct in 
the presence of dismutase, [DMPO (), ], is a complex function: 

[DMPO O, j, = f((f'A and KM1I,) 

Eqn. (B) can be derived from the steady-state model plus the fact 
that [O, ] = K when the competition condition shown in eqn. 
(A) is satisfied [13 15]: 

([DMPO O, ]„/[DMPO 0, ),.)-1 = 
As(,„[SOD]/A-m„,(1[DMPO] (B) 

The equation may be applied to the reaction mixtures used 
experimentally to determine the order with respect to SOD or 
dismutase [42], 

Double-reciprocal plots of percentage inhibition as a function 
of dismutase concentration have been described [43-45], Per¬ 
centage inhibition for the reaction mixtures is: 

i()o y [DMPO O, ]„-[DMPO O¿ I 

[DMPO 0, [„ 

[DMPO 0, )„ and [DMPO 0_, |, must be proportional to [O, ], 
which varies inversely with the logarithm of the SOD con¬ 
centration. 

RESULTS 

Although the reaction between 0, and DMPO initially 
generates the DMPO 0, spin adduct (reaction 4). it is well 
known that this spin adduct has a half-life of about 35 s at 
pH 7.8, decomposing into products including DMPO OH 
[ 17,39.40], Therefore accurate measurement of 0, in an aqueous 
solution by spin trapping with DMPO is difficult, and care must 
be taken to develop a method which accounts for all (he 0., that 
has reacted with DMPO. In most cases when O, reacts with 
DMPO in an aqueous environment, a superimposition of the 
e.s.r. spectra corresponding to DMPO O, and DMPO OH is 
observed. The e.s.r. spectra of these spin adducts have been well 
characterized, with hyperfine coupling constants as = 1.41 mT, 
¢/,,= 1.13 mT and ¢/,,= 0.125 mT for DMPO 0, , and, for 
DMPO OH. = (/,, = 1.49 mT [46], Fig. 1(//) shows the twelve- 
line DMPO O, e.s.r. spectrum superimposed on the typical 
DMPO OH 1:2:2:1 quartet (marked by arrows) generated after 
addition of KO,. A similar spectrum can be generated in 5 mvt- 
Flepcs buffer. pH 7.8. Since the DMPO OH originates from the 
DMPO 0, in an aqueous solution, a more accurate represen¬ 
tation and measurement of the total amount of 0, reacting with 
DMPO will be a combination of the DMPO 0., and 
DMPO OH e.s.r. spectral intensities. Fig. I (A) shows the e.s.r. 
spectrum obtained w hen the contributions from the DMPO O , 
and DMPO OH e.s.r. peaks in Fig. 1(//) are combined into single 
peaks. This spectrum was generated after an increase in the 
instrument modulation amplitude from 0.05 mT (Fig. 1//) to 
1.0 mT (Fig. I A). Since the intensity of the e.s.r. signal is directly 
proportional to the concentration of the species being measured, 
double integration of the first-derivative spectrum in Fig. 1(A) 
allows determination of the total concentration of spin adducts 
originating from the reaction between 0, and DMPO. This type 
of e.s.r. measurement is essential in studies involving competition- 
kinetic reactions using O, and DMPO. 

The spectrum in Fig. 1(A) represents a combination of the e.s.r. 
spectra of DMPO O, and DMPO OH spin adducts, each of 
which has a different stability. The combined e.s.r. spectrum's 
decay rale was examined to determine whether kinetic 
measurements could be made after 0, addition. Fig. 2(//) shows 
that the decay with time of the low-field e.s.r. peak in Fig. 1(A) 
was relatively small over a 3 min time period; 30 s were required 
to start the e.s.r. measurement after 0, addition. All kinetic 

experiments measured the e.s.r. signal 30 to 45 s after O., 
addition (arrows) to take advantage of the relatively modest 
change in signal intensity over that lime span. 

On the basis of preliminary empirical results, a 0.2 m-DMPO 
concentration was chosen for reaction mixtures. The optimal 
initial O, concentration was then determined which satisfied 
two experimental criteria. First, the resultant e.s.r. signal from 
the chosen 02 concentration in 0.2 m-DMPO had to be large 

Fig. I. E.s.r. spectra of DMPO adducts after O, addition 

(¢/) An e.s.r. spectrum of DMPO O, and DMPO OH adducts at an 
instrument modulation amplitude of 0.05 mT. Other instrument 
settings are listed in the Experimental section. The DMPO OH 
1:2:2:1 quartet is marked by arrows in the combined DMPO 02 
and DMPO OH spectrum. (A) An e.s.r. spectrum of a solution 
identical with the one used in (//) with the same instrument settings, 
except the instrument modulation amplitude was changed to 1.0 ml. 

(//) Reduction of the combined DMPO O, and DMPO OH 
adducts with time. The instrument magnetic field was locked on the 
low-field e.s.r. peak in Fig. 1(A) and the scan range was set to zero. 
Measurement began 30 s after O, addition to the reaction mixture. 
Inset (A): relative e.s.r. signal intensity as a function of 0., 
concentration. Instrument settings were those for kinetic experiments 
in the Experimental section. 
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Hg. 3. DMPO-O.j spin-adduct formation 

(u): •. Spin-adduct formation at increasing [Cu.Zn-SOD]; A at 
increasing [Mn-SOD]; ■ at increasing [Fe-SOD]. Bars represent 
the s.r.M. for each value. The straight-line correlation coefficients are 
-0.95 for Cu.Zn-SOD, -0.95 for Fe-SOD and -0.93 for Mn-SOD 
data. (7>) Graphical representations of the logarithm of the overall 
reaction velocities, ([DMPO O., 1,,/lDMPO 0., 1, as a function 
of log [SOD] • Cu.Zn-SOD: A- Mn-SOD; ■ Fe-SOD. Bars 
represent the s.r.M. at each value. Cu.Zn-SOD data have a straight- 
line correlation coefficient of 0.95. Fe-SOD has a value of 0.93, and 
Mn-SOD has a value of 0.95. 

enough to be conveniently measured. Secondly, the initial O, 
concentration selected had to be in the linear response range for 
e.s.r. signal intensity as a function of Oa concentration. Fig. 2(b) 
shows results obtained after the addition of increasing O., 
concentrations to 0.2 m-DMPO in 5 mM-phosphate buffer, 
pH 7.8. There is an apparently linear relationship between the 
e.s.r. relative signal intensity and [0., ] up to 20 /<M under the 
assay conditions described. There was a loss of linear response 
above 20 /ím-02 in our reaction mixtures. About 50 % of the 
20/(M initial 02 concentration was trapped by 0.2 m-DMPO in 
reaction mixtures, with the remainder being lost through spon- 

Table 1. ID ,, values for SOL) species, Mn2 ' standard and Mn complexes 

The ID.,, values for either SOD enzyme or Mn** were determined by 
the analytical methods shown; 95u„ confidence intervals arc shown 
in brackets. The Mn2* standard was prepared from MnSO,. Mn2* 
in complexes was measured by e.s.r. and adjusted to concentrations 
equal to those of the standards. 

07-,,, (M) 

Graphical 
method of I/Percentage inhibition 
determination... [DMPO Oa ),. versus 1/[SOD]"5 or 

Compound versus log (concn.) l/[Mn'i+] 

Cu.Zn-SOD 
Fe-SOD 
Mn-SOD 
Mir standard 
Mn24 complexes 

0.53 [0.44, 0.64] x 10 9 
5.5 [4.6, 6.6|x 10 9 
5.9 [4.7, 7.6] x 10 9 
1.4(1.1, 1.5] x 10 6 
1.2 [1.0, 2.0] x 10 6 

0.59 [0.35, 0.83] x 10 9 
5.4 [4.0, 6.8] x 10 9 
4.7 [3.0, 6.4] x 10 9 
1.7 [-0.70, 4.1] x 10 9 
1.3 [0.71, 1.9] x 10 * 

taneous dismutation (reaction 3). Therefore, a 20 /im-02 initial 
concentration was selected for kinetic assays because it best 
satisfied both the above experimental criteria. 

The relative e.s.r, signal was measured at increasing SOD 
concentrations in reaction mixtures with 5 mM-phosphate buffer, 
pH 7.8, 0.2 m-DMPO, and initial Oä concentrations of 20/<m. 

Fig. 3(a) shows the linear correlation between DMPO spin 
adducts formed and log[SOD] for each enzyme. The linear 
relationship is maintained over two logarithmic cycles of SOD 
concentration. At enzyme concentrations above or below those 
shown, the linear relationship is not followed. There is no 
significant difference between Fe-SOD and Mn-SOD (P > 0.1), 
but the slope of the Cu,Zn-SOD line differs from the slopes of 
lines for each of the other enzymes (P < 0.05). The ID values are 
shown in Table I. 

The data generated in the reaction mixtures can be analysed to 
determine the order of SOD in the overall reaction [42], Plots of 
the !og([DMPO O, [„/[DMPO O, ), )-1 versus log[SOD] (eqn. 
B) are shown in Fig. 3(6). The Cu.Zn-SOD line has a slope of 
0.59, Fe-SOD data have a slope of 0.48, and Mn-SOD has a 
slope of 0.44. The average of the slopes for all three enzymes is 
0.5. This unexpected result indicates that, in these competition 
assays, SOD acts as if it were a half-order molecular species. 

The slope of approx. 0.5 for enzymes in Fig. 3(6) indicates that 
lhe data would be curvilinear on a linear scale, increasing rapidly 
at low enzyme concentrations and levelling off at higher enzyme 
concentrations. In addition to an apparent half-order reaction to 
explain the data, there arc two other possible reasons for the 
curvilinear direct plot. It is possible that H202 causes reversibility 
of reaction (2) at higher enzyme concentrations. More 02 could 
be generated and trapped by DMPO. resulting in a smaller value 
for [DMPO 0., ]„/[DMPO Oa ],. Furthermore, it has recently 
been proposed that H.,02 reacts with SOD yielding hydroxyl 
radicals, which could also be trapped by DMPO, yielding a 
lower-than-expected [DMPO 02 [„/[DMPO 02 ],. ratio [47], 
In order to determine the effect of H202 on the DMPO-spin- 
adduct e.s.r. spectra, the H202 formed in reaction mixtures was 
removed by addition of 500 units of catalase/ml before 02 
addition. A second series of control experiments incorporated a 
fivefold excess of H202 (50 //M) in reaction mixtures before 02 
addition. Neither removal of H202 by catalase nor prior en¬ 
hancement of the H,,02 concentration had an effect on the 
DMPO-spin-adduct e.s.r. spectra. Another possible factor at low 
enzyme concentrations could be reaction of 02 with DMPO -02 
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Conen, (¿/m) 

[•¡ji- 4. DMI’O (), spiu-adduct formation 

(</) Spin adduct formation: •. at increasing [MnSOJ; □, at 
increasing MntK Desferal: O. at increasing |MnO., Desferal 
ascorbate). The straight-line correlation coefficients are -().91 for 
MnSO,. -0.84 for MnO,, Desferal and -0.95 for Mn02 Desferal 
ascorbate. (/>) Spin-adduct formation for MnSO, (•). MnO., 
Desferal (Dtand MnO., Desferal ascorbate corrected for ascorbate 
(.). 

Kig. 5. E.s.r. spectra of 0.1 tmi-MnSO, in three solvents 

(«) 5 mM-Phosphale buffer, pH 7.8; (h) solution in (a) acidified 
below pH 5.5; (c) 5 mM-Hepes buffer, pH 7.8. 

or DMPO OH spin adducts [20.21], However, at low enzyme 
concentrations the relative e.s.r. signal intensity decreased 
linearly, indicating that scavenging of 02 by the spin adducts is 
unimportant. Since H.O., or reaction of 02 with DMPO O, 
and DMPO-OH appear to have no effect on the results, the most 
likely explanation is an apparent half-order process. 

The data in Fig. 3(u) were analysed by double-reciprocal plots 
of percentage inhibition versus [SOD]. These data only ap¬ 
proximate straight lines as the SOD concentrations varied. 
Double-reciprocal plots of percentage inhibition as a function of 
[SOD]0 5 more closely fit a straight line for each enzyme. The 
straight-line correlation coefficients and ordinate intercepts for 
Cu.Zn-SOD, Mn-SOD and Fe-SOD were, respectively, 0.82, 
0.89 and 0.88, and 1.11 and 0.93 and 1.03. 

The relative e.s.r. signal was measured at increasing manganese, 
MnO., Desferal or MnO, Desferal ascorbate concentrations in 
5 mM-phosphate buffer, pH 7.8, as described for SOD above. 
Fig. 4(íí) indicates the linear relationship between DMPO spin 
adducts formed and the logarithm of the concentration for each 
preparation. The slope of the Mn02-Desferal-ascorbate line 
indicated a possible contribution to reduction of the e.s.r. signal 
by increasing ascorbate at higher concentrations. Ascorbate was 
measured at the concentrations used to generate data in Fig. 4(a), 
and the point-by-point correction resulted in the data shown in 
Fig. 4(A). The MnO, Desferal ascorbate preparation corrected 
for ascorbate yields results similar to the MnO, Desferal prep¬ 
aration. Moreover, both Desferal preparations were different 
from the Mn-+ standard, which appeared more active by a factor 
of 3 as an O, scavenger. ID5() values were 0.58 x 10 “m for 
MrF*, I.TxIO^m for MnO, Desferal and 1.4x10bm for 
MnO, Desferal -ascorbate. 

A 5 mM-potassium phosphate buffer. pH 7.8, was used for 
SOD enzyme experiments described above. However, it is known 
that Mn-' forms hydroxides or phosphates at basic pH. The e.s.r. 
spectra were obtained of 0.1 mst-MnSO, samples in different 
solvents, and the results are shown in Fig. 5. The Mn-' e.s.r. 
spectrum was present in each solution, but 5 mM-phosphate 
buffer, pH 7.8, clearly decreased the relative signal intensity. The 
relative e.s.r. signal intensity was equal for Mn2* in acidified 
phosphate or 5 mvi-Hepcs, pH 7.8. The e.s.r. signal intensity 
observed in Fig. 5(A) represents total Mn2* present in solution. 
Since the intensity of e.s.r. signals shown in Figs. 5(A) and 5(c) are 
equal, the results suggest that Hopes buffer stabilizes total free 
Mn2' sufficiently to allow quantification. Results similar to those 
in Fig. 5 were obtained for each complex in Hopes and phosphate 
buffer at pH 7.8. 

Kinetic experiments were done with MnSO, standards, 
MnO, Desferal complex and MnO,-Desferal-ascorbate 
complexes in 5 mM-Hepes, pH 7.8. The concentrations of Mn2+ 
in each of the complexes were adjusted to equal the Mn2+ 
concentration measured by e.s.r. in standards prepared from 
MnSO,. This procedure ensures different concentrations of 
MnSO,, MnO,-Desferal complex and MnO, Desferal ascorbate 
complex. However, the free Mn2' concentration is nearly equal 
in each preparation. Fig. 6((/) shows the results of these kinetic 
determinations. There appears to be a correlation between the 
relative e.s.r. signal and the logarithm of the Mn2' concentration 
over nearly two logarithmic cycles. There was a decrease in the 
e.s.r. relative signal intensity in the absence of dismutase in 5 mM- 
Hepes, pH 7.8, compared with 5 mM-phosphate, pH 7.8. from 
7.6 to 5.4 units. The decrease may reflect a reaction of Oa with 
5 mM-Hepes and was considered equal in each solution. There 
appears to be a slight difference in the slopes of Mn02 - Desferal- 
ascorbate lines compared with cither Mn2* or MnO,-Desferal. 
The presence of ascorbate probably accounts for this difference. 
However, statistically there is no difference (P>0.1) between 
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Concn. (/jmI 

Fig. 6. DMI’O spin-adduct formation for Mir and complexes 

(tt) Spin-adduct formation: •. at increasing [Mn2']; A. at increasing 
[MnOs Desferal complex); ♦, at increasing [Mn02 Desferal - 
ascorbate). (/>) Spin-adduct formation: •. at increasing [Mn2*]: ▼, 
data for the MnOä Desferal and MnOs Desferal ascorbate were 
combined. The straight-line correlation coefficients are -0.91 for 
MnSO,, standards and -0.83 for the combined-complex data. 

each of the slopes of the three lines, suggesting that dismutase 
activity in solutions of the two Mn2* complexes resides in Mn2*. 
Fig. 6(h) shows results from kinetic experiments comparing 
combined MnO.,-Desferal and Mn02-Desferal ascorbate-com¬ 
plex data with data for the MnSO, standard. The probability 
that the lines differ is P > 0.1. The calculated ID50 for each of the 
lines is listed in Table 1. 

The data for Mn2* in MnSO, standards and Mn2* for the 
combined complexes were analysed by double-reciprocal plots of 

f able 2. Second-order rate constants for SOD species and Mn2* 

Rate constants for 02 reaction with SOD enzymes and Mn2* were 
estimated. Determinations were made from average ID,,,, values 
from Table 1 on the basis of the equality expression (A) (see the 
text). The 95 °t, confidence intervals are shown in square brackets. 

Compound 

Cu,Zn-SOD 
Fe-SOD 
Mn-SOD 
Mn2* standard 
Mn2* complexes 

Rate constant 
(M-s ‘) 

6.4 )4.9, 7.9] X 109 
6.6 [5.5, 7.7] X IO* 
6.8 [5.4, 8.2] X lO" 
2.3 [0.46, 4.1] X 10“ 
2.9 [2.2, 3.6] X 10“ 

percentage inhibition versus [Mn2*]. Linear plots were generated 
and ID.,, values estimated at the 50%-inhibition point (Table 1). 
Further, data from Table I were used to calculate velocity 
constants shown in Table 2. 

DISCUSSION 

The observation that the DMPO-O,, spin adduct e.s.r. signal 
is inversely proportional to log[SOD] for each of the three 
enzymes tested supports the validity of this competition assay. A 
similar result was reported for Cu,Zn-SOD using DMPO as a 
spin trap and a xanthine-xanthine oxidase 02 generator [19], A 
number of studies based on competition assays for SOD activity 
indicate that inhibition of the reaction of 02 with detector 
molecule is a function of log [SOD] [43 -45], Therefore it is 
reasonable to conclude that the measured DMPO-O,, spin 
adduct e.s.r. signal is a function of the O., concentration, which 
in turn depends on log[SOD], In the above experiments, the rate 
of spontaneous 02 dismutation or reaction of 0., with the 
DMPO O., and DMPO OFI adducts formed was ineffective in 
masking the enzymic contribution to 0,2 removal over the linear 
ranges of the assays. 

The unexpected finding that competition reaction mixtures are 
apparently half-order with respect to SOD may be explained if 
steady-state conditions are present. Redox cycling of SOD occurs 
when [0.2 ] $> [SOD], establishing conditions where both the 
M"*-SOD and M<"'1’*-SOD forms of the enzyme compete 
against DMPO for 02 (reactions 1 and 2). Also, fast-kinetic 
results have shown that, under less-than-saturating 02 
concentrations, the rate-limiting step for the Cu,Zn-SOD and 
Fe-SOD enzymes is reaction with 0., [11,12]. Reactions ( 1 ) and 
(2) may then be represented as the following steady-state 
expression ; 

M"’ SOD + O., ^02+M<n "*-SOD 
*r_, 

+ 02 + 2 //H ,0.2 + M " *-SOD 
k 

In this case, k 2 4 k2, M"* SOD O, and M1” »* S0D-0.2H., 
are comparatively small, and the steady-state intermediate is 
M11 ”*- SOD. Starting with the expression ^JO., ][M"*- SOD] 
= (í:+2-b/:^ ,)[M(" 1)+-SOD], it can be shown that: 

[M''*-SOD][0,, ]/[M(n 1H-SOD] = (k+i + k_l)/k+1 = Km 

If SOD is defined as the total concentration of enzyme in all 
forms, then the following expression results: 

(SOD —[M'n l,*-S0D])[02 J/IM1" ‘^-SOD] = Km 

1992 
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Rearrangement results in an expression similar to the 
Briggs Haldane equation [48]: 

[M" " SOD] = SGD[0, 1/((0, ]+KJ 

At half-maximal velocity, by definition, [O, ] = Km. This neces¬ 
sary condition for steady-state kinetics substituted into the 
equation analogous to the Briggs Haldane expression yields the 
result [M'" 11 * SOD) = 0.5 SOD with [M01 "' SOD] % 
]M"* SOD], Therefore competition reactions between I)MP() 
and nearly equal concentrations of M”4 SOD and M1" "• SOD 
for 0,, result in an apparent half-order with inspect to SOD. It 
must be stressed that this apparent half-order applies specifically 
to competition reactions when [O, ] p [SOD]. Often a low steady 
state [O, ] generated enzymically and higher SOD concentrations 
are employed to estimate dismutase levels [1 3,15,19], 

There are limitations imposed when attempting to assay O., 
dismutation using a competition method. One important factor 
is accuracy of the value of A4,,,,,,,, for estimates of kmni. The value 

= 18 m 's' was used in the present study, but there is 
considerable variation reported for this rate constant [18,49], 
The accuracy of values for Asol, reported above will be directly 
related to the accuracy of the A,,,,,,,, value chosen for calculation. 
In addition, second-order rate constants determined from average 
ID,,, values are higher than many previous determinations 
[7.11,12.22,50], Elevated As,,,, values in Table 2 are probably 
based on median ID,,, values that are loo low. Spontaneous 
dismutation plus O., reaction with DMPO O, or DM PC) OH 
spin adducts may be causing underestimation of ID,,, values and 
overestimation of velocity constants in the present study. 

The competition between DMPO and Mn24 for O, occurs in 
the micromolar Mir4 concentration range. Relatively high Mnj4 
concentrations are required because the reaction rate constant of 
Os with Mn-’4 is much lower than ASI1I, in eqn. (A). The increased 
Mn2' concentration required approaches the 20//M-O, con¬ 
centration initially present in reaction mixtures. This relative 
reduction in the ratio of 02 to Mn'2* compared with the higher 
analogous ratio with the SOD enzymes may result in a simple 
chemical reaction between Mn'2+ and 02 rather than a 
dismutation reaction. Mn2* competition with DMPO using these 
limiting 0., concentrations would not permit steady-state redox 
cycling of Mn2* in competition assays. 

An additional major finding of the present study is that 
the SOD activity of the MnOa Desferal and MnO., Desferal - 
ascorbate complexes is correlated with the Mir4 concentration 
present in the preparations. Since Mn2* is always present in 
either the MnO., Desferal or the MnO, Desferal ascorbate 
complexes, it is not possible to demonstrate SOD activity 
uniquely attributable to either complex or Mn2* in any of the 
preparations. The possibility exists that SOD activity in complex 
preparations is due to Mn2*, complex, a combination of both 
free Mn2‘ and complex, or additional manganese species acting 
alone or in combination with any or all of the above materials 
[31]. Nevertheless, the observation of equivalent SOD activity for 
MnSO, standards and manganese-complex preparations 
adjusted to concentrations of Mn2* equal to those of standards 
strongly supports the contention that O., removal by complexes 
is due to Mn2*. 
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INTRODUCTION 

Ionizing radiation alters many neuronal systems that are regulated by calcium 
ions. Because ionizing radiation reduces voltage-sensitive (VS) calcium uptake in rat 
brain synaptosomes, experiments were conducted to elucidate the mechanisms of 
reduced calcium uptake. This paper reviews the work being done in this laboratory.1"5 

METHODS 

A crude, synaptosomal fraction preparation from the brains of male Sprague- 
Dawley rats and gamma irradiation from a ""Co source at a dose rate of 10 Gy/min 
were used as described by Mullin et al." KCl-stimulated l5Ca-" uptake into rat brain 
synaptosomes was measured as described by Leslie et al.1 [’H]nimodipine binding 
assays were based on the methods reported by Skattebol and Triggle." 

RESULTS 

The fastest and highest rate of VS calcium uptake occurred at 3 s with 65 mM 
KG. Irradiation (3 Gy and 10 Gy/min) reduced calcium uptake at all incubation 
times (3, 10,30, and 60s) and KCI concentrations ( 15-65 mM). Irradiation ( 1-30 Gy) 
reduced 65 mM KCl-stimulated calcium uptake after 3 s (Fig. 1 ). Enhancement of 15 
mM KCl-stimulated calcium uptake by Bay K 8644 was reduced by irradiation. 
Nimodipine binding to dihydropyridine (DHP) L-type calcium channel receptors 
was not altered following irradiation. Prostaglandin F.a (PGF,a), inositol 1,4,5- 
trisphosphate (IP3), phorbol esters (PE), Bay K 8644, and interleukin la (IL-la) 
alone did not reverse the decrease in calcium influx caused by irradiation, but in 
combination they did reverse it. For example, pretreatment with 1 nM to 100 nM of 
PE and I nM of IP3, I nM of Bay K 8644, 10 nM PGF,a, or 20-hr pretreatment with 
2,000 units of IL-la significantly reversed decreases in calcium uptake induced by 
irradiation (Table 1). 

DISCUSSION 

Ionizing radiation significantly reduced KCl-stimulated, VS calcium uptake in rat 
brain synaptosomes. The inhibitory effect of irradiation on the VS calcium channels 
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FIGUREI. Effect of gamma ir¬ 
radiation on 65 mM KCI-slimu- 
lated calcium uptake by rat 
whole-brain synaptosomes, 
measured during 3-s periods. 
Points and bars represent mean 
±SEM values from three sepa¬ 
rate experiments, each using 
triplicate samples. ‘Significantly 
different from control value: 
p < 0.05. 

Dose of Radiation (Gy) 

was not mediated by DHP receptors because irradiation did not alter nimodipine 
binding to DHP L-type calcium channel receptors. 

If pretreatmenl with IP3, PE, or PGF2a reversed the radiation-induced reduction 
in calcium influx, it would indicate that the formation of IP3, diacylglycérol, and 
PGF2a is necessary for calcium influx and that radiation interferes with their 

table I. Effect of PE in Combination with IP3, Bay K 8644, PGF2a, or 2,000 Units 
of IL-la on Calcium Uptake (nmol/mg protein) in Irradiated (3 Gy and 10 Gy/min 
gamma rays) and Nonirradiatcd Rat Whole-Brain Synaptosomes 

Concentration 
of Drug 

1 nM IP3 
Irradiated 
Nonirradiatcd 

1 nM Bay K 8644 
Irradiated 
Nonirradiated 

10 nM PGF,a 
Irradiated 
Nonirradiated 

2,000 units IL-la 
Irradiated 
Nonirradiated 

Concentration of PE (nM)“ 

0 1 10 100 

1.9 ± 0.05 
2.6 ± 0.05 

2 ± 0.10 
z.h ±0.10 

2.0 ±0.10 
2.7 ± 0.10 

1.8 ± 0.15 
2.4 ± 0.10 

3.2 ± 0.05ft 
3.6 ± 0.10r 

3.3 ± 0.10'’ 
3.5 ±0.10r 

3.0 ± OdO" 
3.5 ± 0.10“ 

3.3 ± 0.10'’ 
3.5 ± 0.05' 

4.1 ± OdS” 
4.3 ±0.10“ 

4.0 ± 0.154 
3.9 ± 0.10“ 

3.8 ± 0.15'’ 
3.9 ± 0.10“ 

4.2 ± 0.156 
4.2 ± 0.05“ 

4.6 ± 0.10'’ 
4.8 ± 0.05“ 

4.4 ± 0.15'’ 
4.6 ± 0.10“ 

4.7 ± 0.10'’ 
4.8 ± 0.15“ 

4.5 ± 0.10'’ 
4.6 ± 0.10“ 

“Values are mean ± SEM of three separate experiments, each using triplicate samples. 
'’Significantly different from irradiated 0 PE values: p < 0.05. 
“Significantly different from nonirradiated 0 PE values: p < 0.05. 
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formation. So, IP3, PE, Bay K 8644, PGF,a, and IL.-la were tested to determine if 
they could reverse the radiation-induced decrease in calcium influx. None of the 
compounds alone reversed the decrease in calcium uptake induced by irradiation, 
but in combination they did reverse it, suggesting that ionizing radiation might affect 
protein kinase C activity, which is linked to the opening and closing of ion channels9 
and the mobilization of calcium. These experiments demonstrate that the stimula¬ 
tion of protein kinase C by PE together with the mobilization/influx of calcium by 
calcium ionophores is necessary to attenuate radiation-induced decreases in calcium 
influx. Currently, we are comparing protein kinase C activity and G protein receptor 
binding of irradiated and nonirradiated synaptosomes to determine whether de¬ 
creases in calcium uptake induced by irradiation are due to impairment of protein 
kinase C, alterations in G protein receptors, or both. 
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ABSTRACT 

Effective radioprotection with minimal behavioral disruption is essential for the selection of protective agents to 
be used in manned spaceflight. 1 his overview summarizes the studies on the behavioral toxicity of selected 
radioprotectors classified as phosphorothioates (WR-2721, WR-3689), bioactive lipids (16, 16 
dimethylprostaglandin E2( DiPGE2), platelet activating factor (PAF), leukotriene C4), and immunomodulators 
(glucan, synthetic trehalose dicorynomycolate, and interleukin-1). Behavioral toxicity was examined in laboratory 
mice using a locomotor activity test. For all compounds tested, there was a dose-dependent decrease in locomotor 
behavior that paralleled the dose-dependent increase in radioprotection. While combinations of radioprotective 
compounds (DiPGE2 plus WR-2721) increased radioprotection, they also decreased locomotor activity. The 
central nervous system stimulant, caffeine, was able to mitigate the locomotor decrement produced by WR-3689 
or PAF. 

INTRODUCTION 

Chemical compounds that effectively protect mammals from the lethal effects of radiation have been studied for 
more than four decades /1,2/. Many of these compounds are effective only at toxic doses /3/. To perform 
extravehicular activities (EVA) during space station missions, individuals must remain alert and behaviorally 
active. Radiation hazards are significantly increased during an EVA because of decreased shielding, the 
possibility of solar particle events, or exposure to nuclear material associated with the space station /4/. The study 
of radioprotectors has focused on obtaining the maximal dose reduction factor (DRF). However, doses that give 
the greatest protection from radiation, often produce side effects that prevent the normal behavioral functioning of 
an organism. We have begun a systematic examination of the behavioral toxicity of a variety of radioprotectors. 
The goal of this research is to obtain a compound that offers maximal radioprotection with minimal behavioral 
toxicity. 

Our behavioral screening program involves the quantification of spontaneous locomotor behavior in the laboratory 
mouse. The locomotor activity test has been recommended as an initial screening test for chemical compounds by 
both the U.S. Environmental Protection Agency /5/ and the World Health Organization /6/. Spontaneous 
locomotor activity was selected as the initial screening protocol because (1) it is a naturally occurring behavior that 
does not require laborious training procedures: (2) it can be assessed using automated devices that eliminate 
observer recording bias; and (3) it has been determined to be a sensitive measure for assessing the behavioral 
toxicity of a variety of agents, including pesticides /7/, stimulants /8,9/, neuroleptics /9/, radioprotectors /10-17/, 
and ionizing radiation /18-20/. 

This review examines the behavioral toxicity (as measured by decrements in locomotor activity) of promising 
phosphorothioate radioprotectors, bioactive lipids, and immunomodulators. The behavioral effects described in 
this paper were observed in nonirradiated animals. 

METHODOLOGY 

Subjects 

Male outbred mice (BALB/c x DBA/2)F1, also known as CD2F1 mice (Charles River Breeding Laboratory, 
Raleigh, NC) were used for most of the behavioral studies reported in this paper. This mouse strain was selected 
because of the large data base available at our Institute and the National Cancer Institute. All mice were 
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quarantined on arrival and representative animals were screened for evidence of disease. Mice were tested when 
they were 11-17 weeks old. They were housed in groups of 8-10 in Microisolator cages (Lab Products, Maywood, 
NJ) on hardwood chip contact bedding in an AAALAC- (American Association for Accreditation of Laboratory 
Animal Care) accredited facility. Rooms were maintained at 21°C ± 1°C with 50% ± 10% relative humidity on a 
12-hour light/dark cycle. Commercial rodent chow and acidified water (pH 2.5) were freely available. Prior to 
testing, all animal experiments were approved by our Institutional Animal Care and Use Committee. 

Locomotor Activity Measurement 

A computerized Digiscan Animal Activity Monitor (Omnitech Electronics, Columbus, OH) was used to quantify 
locomotor behavior /9/. The apparatus used an array of infrared photodetectors spaced 2.5 cm apart to determine 
horizontal locomotor activity (ambulation) expressed as the total distance traveled. Immediately following 
injection of the compound(s), mice were placed into individual activity monitors (20 x 20 x 30 cm) where 
ambulation was recorded every 5 min for 1 hr to ascertain the onset of behavioral effects of the drug. Thereafter, 
activity was recorded at 1-hr intervals until the behavior of all groups returned to control-level activity. Each 
animal was tested only once. All testing took place during the dark portion of the light-dark cycle when the mice 
were most active. There were 8-16 animals tested with each dose of each drug evaluated. One-way analysis of 
variance was used to determine significa.ice levels for the effects of each compound on locomotor activity. Post 
hoc comparisons were made using Dunnett’s test /21/. 

RESULTS AND DISCUSSION 

Phosphorothioates 

The phosphorothioate drugs S-2(3-aminopropylamino)ethylphosphorothioic acid (WR-2721) and S-2-(3- 
methylaminopropylamino)ethylphosphorothioic acid, (WR-3689) are two of the leading radioprotectors currently 
available. These compounds were first synthesized as part of the Antiradiation Drug Development Program 
sponsored by the Walter Reed Army Institute of Research, and are still often referred to by their Walter Reed 
(WR) designation number /22/. WR-2721 has been used during clinical trials for radiotherapy /23/, and also 
protects against the cytotoxic effects of some chemotherapeutic agents /24/. It produces side effects such as 
hypotension, hypocalcemia, vomiting, sneezing, and somnolence in humans /23/. In rodents, WR-2721 decreases 
motor function /10,11,12,16,25/. Although the side effects reported in humans may be tolerable in a hospital 
setting, they are likely to present problems in situations where performance must be maintained (e.g., spacecraft). 

WR-3689 has recently received increased attention as an alternative to WR-2721 /26,27/. This compound differs 
from WR-2721 by the addition of a single terminal N-methyl group. WR-3689 has similar levels of 
radioprotective efficacy when compared to WR-2721 /26/. Both phosphorothioates protect against fast neutrons 
and gamma radiation, although they are more effective against gamma rays /27,28/. WR-3689, however, appears 
to have a lower toxicity than WR-2721 when given systemically /29/ or when administered directly into the brain 
by intraventricular injection /30/. Both WR-2721 and WR-3689 are highly water soluble; therefore, little of these 
drugs or their metabolites crosses the blood-brain barrier. When placed directly into the brain, mice injected with 
WR-2721 or WR-3689 were lethargic; higher doses resulted in ataxia /30/. 

We quantified the effects of WR-3689 on spontaneous locomotor behavior. Mice were administered 
intraperitoneal (IP) doses ranging from 50 to 400 mg/kg WR-3689 (Drug Synthesis and Chemistry Branch, 
Division of Cancer Treatment, National Cancer Institute, Bethesda, MD) or the saline vehicle. A dose of 50 
mg/kg did not significantly affect locomotor activity. Doses of 100 and 200 mg/kg produced significant 
decrements 25-30 min postinjection, while the higher dose (400 mg/kg) resulted in significant decreases by 15 min 
postinjection. Figure 1 shows that doses of 100 and 200 mg/kg decreased activity for 4-5 hrs. A dose of 400 
mg/kg, disrupted motor activity for 7 hrs. These results were similar to those found with WR-2721 administered 
IP/31/. 

We then attempted to mitigate the locomotor decrements produced by WR-3689 using a central nervous system 
(CNS) stimulant. We chose the methylxanthine, caffeine, because of its wide use in the pharmacological industry 
and relatively low toxicity. To select a dose of caffeine to be combined with WR-3689, we first determined the 
dose-response curve for the duration of the stimulatory effect of anhydrous caffeine (Sigma, St. Louis, MO). 
Caffeine was administered in a saline vehicle (control) in doses of 2.5 to 40 mg/kg by oral gavage (PO). Doses of 
5 mg/kg or more significantly increased locomotor activity within 5 min of administration. Figure 2 illustrates 
that doses of 5,10,20, and 40 mg/kg caffeine produced significant locomotor increases that persisted for up to 3, 
4, 4, and 6 hrs, respectively. 
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Fig. 1. lime course of the effects of WR-3689 on locomotor activity (ambulation) measured in hourly 
intervals. WR-3689 was administered IP immediately before testing. The solid line at 100% 
represents the saline vehicle control group. Note that a dose of 200 mg/kg produced locomotor 
decrement for 4-5 hrs postadministration. Vertical bars represent the SEM. * p < 0.05 from vehicle 
control group. 

Caffeine 
- 2.5 mg/kg 

Fig. 2. Time course of the behavioral effects (locomotor activity) of central nervous system stimulant, 
caffeine. Caffeine was administered by gavage (PO) immediately before testing. There was a dose- 
dependent increase in the magnitude and duration of the locomotor effect. The solid line at 100% 
represents the saline vehicle control group. Note that a dose of 40 mg/kg produced a locomotor 
increase for 5-6 hrs after administration. * p < 0.05 from vehicle control group. 
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Fig. 3. Effects of combining WR-3689 (200 mg/kg, IP) and caffeine (40 rng/kg, PO) on locomotor 
activity. Caffeine completely mitigated the behavioral decrement produced by WR-3689. The solid 
line at 100% represents the saline control group. Vertical bars represent the SEM. * p < 0.05 from 
vehicle control group. 

Based on the results obtained from the locomotor activity dose-response curves generated for WR-3689 and 
caffeine, a combination study was performed to determine whether caffeine cculd mitigate the locomotor 
performance decrement induced by WR-3689. In this experiment, a dose of 40 mg/kg caffeine was administered 
orally, followed immediately by an IP injection of 200 mg/kg WR-3689. These doses and routes of administration 
were selected because the two drugs exhibited a similar time course using these parameters. Figure 3 shows that 
an IP dose of 200 mg/kg of WR-3689 resulted in locomotor activity decrements for 4-5 hrs postinjection. 
Flowever, 40 mg/kg PO of caffeine in combination with WR-3689 maintained locomotor activity at or above 
control levels for up to 6 hrs after injection. Lower doses of caffeine reversed the locomotor decrement for shorter 
periods of time. For example, doses of 10 or 20 mg/kg caffeine in combination with 200 mg/kg WR-3689 
elevated locomotor activity to control levels for up to 1 hr and 4 hrs, respectively. 

When we evaluated the radioprotective effect of WR-3689 alone compared to caffeine and WR-3689 combined, 
we found that animal survival rates were similar/32/. Thus, using the locomotor activity test model, we were able 
to mitigate performance decrement without compromising radioprotective efficacy. The reversal of the behavioral 
toxicity of WR-3689 by caffeine has only been confirmed in the locomotor activity test paradigm. Other 
behavioral tests should be performed to verify these findings. The mechanism of action of caffeine in mitigating 
the locomotor decrement produced by WR-3689 is unknown at this time. It may be mediated by blockade of 
adenosine receptors in the CNS or through accumulation of the cyclic nucleotide, cyclic AMP, by inhibition of 
phosphodiesterase /33/. 

Bioactive Lipids 

This class of radioprotective compounds includes the metabolites of arachidonic acid (e.g., prostaglandins and 
leukotrienes) as well as other phospholipids, (e.g., platelet activating factor (PAF)) /2/. The most promising 
radioprotective compounds in this class include the synthetic methylated derivative of the naturally occurring 
prostaglandin E2, 16,16-dimethyl prostaglandin E2 (DiPGE2), leukotriene C4 (LTC4), and PAF. Radioprotective 
efficacy of these compounds has been clearly demonstrated, e.g., DiPGE2 /34-40/, LTC4 /41-43/, and PAF /44/. 
Each of these compounds has been shown to be radioprotective for animal survival (CD2FT male mice) when 
administered before ^Co irradiation. DiPGE2 at 0.4 mg/kg yields a DRF of 1.45 /14/; LTC4 at 0.4 mg/kg yields a 
DRF of 1.9 /43/, and PAF at 0.3 mg/kg yields a DRF of 1.7 /44/. 

We evaluated the effects of the radioprotective bioactive lipids on locomotor behavior/13,14,15/. All compounds 
were administered subcutaneously (SC). Figure 4 shows that there were dose-dependent decreases in locomotor 
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Fig 4. Time course of locomotor behavior following administration of radioprotective bioactive lipids. 
(A) 16, 16 dimethyl prostaglandin E2, (B) leukotriene C4 and (C) platelet activating factor. Compounds 
were administered SC immediately prior to behavioral testing. Data are presented as a percent of the 
vehicle (4% ethanol in saline) control group. * p < 0.05 from vehicle control group. 
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activity for DiPGE2, LTC4, and PAF. At the highest dose test, each compound produced locomotor decrements 
within 5-10 min of administration (data not shown) followed by recovery to control levels approximately 3 hrs 
after injection. 

The methylxanthines, theophylline /45/ and isobutyl methylxnnthine /46/, protect mice from the lethal toxicity of 
PAF. We found that the methylxanthine, caffeine (40 mg/kg IP), mitigated the locomotor decrements produced by 
0.12 and 0.3 mg/kg PAF SC. This dose of caffeine, however, was not effective in alleviating the locomotor 
decrements produced by 0.4 mg/kg DiPGE, SC (data not shown). 

The bioactive lipids produce a number of side effects. Many of the prostaglandins, including DiPGE2, induce 
diarrhea and sedation /47/. LTC4 increases hematocrit and mean arterial blood pressure that may be followed by 
prolonged hypotension /13,48/, and PAF administration may lead to a severe hypotension, reflecting peripheral 
vasodilation and decreased cardiac output /49/. However, the mechanism(s) by which these compounds exert their 
effects on locomotor behavior are unknown. 

From the experiments performed, it is not possible to determine whether the decreases in locomotor activity 
produced by DiPGE2, LTC4, or PAF are the result of a peripheral or central mechanism. Prostaglandins readily 
cross the blood-brain barrier /50/, and LTC„ does not /51/. PAF can influence blood-brain barrier permeability, 
but does not appear to penetrate it /52/. In addition, many bioactive lipids are synthesized by brain tissue /52,53/. 
The decrease in locomotor activity observed following administration of the radioprotective compounds may, 
therefore, be due to a direct physiological response or to intermediate messengers produced by the bioactive lipids. 

Immunomodulators 

Many immunomodulators show moderate radioprotection (DRF’s < 1.4) by stimulating host immune responses. 
To reduce radiation injury, these compounds act puncipally on the macrophage. The immunomodulator glucan, a 
beta 1,3 linked polysaccharide isolated from the cell wall of the yeast Saccharomyces cervisiae, is capable of 
enhancing a variety of hematopoietic responses that results in protection against gamma radiation /54,55/. When 
soluble glucan (250 mg/kg) was injected intravenously postirradiation, a DRF of 1.07 was obtained /54/. We 
found that this dose administered to C3H/HeN female mice resulted in severe locomotor decrements, with 
significant decreases in activity beginning within 20-25 min after injection and lasting for 7-8 hrs /56/. 

Synthetic trehalose dicorynomycolate (S-TDCM) is a chemically prepared form of a naturally occurring glycolipid 
secreted on the surface of the cell walls of several strains of bacteria, including mycobacteria /57/. The 
immunomodulatory effects of S-TDCM have since been shown to provide many beneficial properties. For 
example, when administered 20-24 hrs before fission neutron radiation (neutron to gamma dose ratio, N:G=1), it 
offers modest (DRF=1.07) radioprotection /58/. We recently found that a dose of 100 pg/mouse S-TDCM 
increased survival from 15% (saline-treated) to 80% for B6D2F1 female mice exposed to 5.6 Gy fission neutrons 
(N:G=1). Mice receiving this dose of S-TDCM exhibited only minimal locomotor decrement and no reduction in 
food intake, water consumption, or body weight. A dose of 50 pg was less radioprotective, while 200 pg 
produced greater toxicity without increased radioprotection /59/. 

The immunomodulators, glucan and S-TDCM, may modulate the peptide cytokine, interleukin-1 (IL-1), which 
may be indirectly responsible for their radioprotective efficacy /58,60/. IL-1, in turn, is likely to release other 
mediators, such as products of arachidonic acid metabolism. IL-1 itself is radioprotective /61/ and when combined 
with WR-2721, provided greater than additive protection /2/. However, we recently found that this combination 
also produced a greater than additive behavioral toxicity (data not shown). 

Combinations of Radioprotectors 

It has been determined that combinations of radioprotective agents can provide increased protection /2,3/. For 
example, the combination of WR-2721 and DiPGE2 has been shown to enhance radioprotection /14,36/. The 
behavioral toxicity as measured by decreases in locomotor activity, however, is more pronounced /14/. Similarly, 
the addition of the metals selenium and copper to WR-2721 increased the survival of mice exposed to gamma 
radiation, compared to WR-2721 alone. Behavioral toxicity also increased as radioprotection improved /2/. 

GENERAL DISCUSSION 

The studies reported in this paper indicate that all radioprotective compounds investigated were behaviorally toxic 
at protective doses. As radioprotection increases in a dose-dependent manner, so does behavioral decrement. This 
concept is illustrated in Figure 5A. Thus, as is the case with many drugs, the use of radioprotectors is limited by 
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l ig. 5. (A) Schematic representation of the relationship between radioprotection and behavioral 
toxicity. As the level of radioprotection increases with increasing doses of the protectant compound, 
the amount of behavioral toxicity (performance decrement) also increases. Behavioral toxicity was 
measured by decreases in locomotor activity, (B) Schematic representation of how the ideal 
radioprotector combination would operate. Radioprotection is maintained, while performance is not 
compromised. 

their toxicity. The toxicity of many radioprotectors may be related to secondary effects and not a direct action of 
the radioprotectve qualities of the compound /3/. It is hoped that future studies will lead to a formulation of a 
radioprotective cocktail that will allow maximum radioprotection without compromising performance (Figure 5B). 
Approaches to this end have included the combination of low doses of two or more compounds that operate by 
different mechanisms /2/. Further, we demonstrated that by combining caffeine with some radioprotectors, we 
were able to mitigate the locomotor decrement induced by these protectors. This research serves as a basis for 
developing effective countermeasures against the behavioral toxicity of these compounds. Additional tests are 
necessary to further characterize the behavioral toxicity of radioprotectors. Because radioprotectors, such as the 
phosphorothioate WR-2721, are known to produce nausea and vomiting in patients, it may be useful to include an 
antiemetic compound in the radioprotective cocktail. Recent evidence suggests that the 5HT, antagonists, a new 
class of antiemetic compounds, are effective at non-toxic doses at alleviating nausea and vomiting induced by 
radiation /62,63/. 

The radiation hazards in space include both acute effects (e g., performance decrement, prodroal syndrome, and 
lethality) and late or chronic effects (e.g., cancer, mutation, and cataracts). A solar particle event occurring during 
a space mission is likely to result in the need for continuous radioprotection (or 12-48 hrs /64/. Most of the 
radioprotection data available, however, is based on a single administration of the protector before a brief exposure 
(several minutes) to ionizing radiation. It is clear that there is a need to determine the effectiveness of 
radioprotectors over a sustained period of radiation exposure. Moreover, the development of radioprotectors that 
minimize performance decrement will greatly assist us in conquering the depths of space. 
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INTRODUCTION 

The ideal radioprotective agent for use in radiotherapy and civil defense should provide effective 

protection with minimal behavioral disruption. The bioactive lipids are among the compounds that have 

demonstrated radioprotective efficacy in cellular assays or animal survival studies. Members of this group 

that have been determined to be radioprotective include prostaglandins, leukotrienes, and platelet¬ 

activating factor (PAF). While protective agents have been identified in both the cyclooxygenase and 

lipoxygenase pathways, as well as for the phospholipid derived PAF, not all bioactive lipids provide 

radioprotection (1). The most promising radioprotective compounds include the synthetic methylated 

derivative of the naturally occurring prostaglandin E2, 16,16-dimethyl prostaglandin E2 (DÍPGE2), 

leukotriene C.l (LTC4), and PAF. In our laboratory, they are maximally effective for enhancing animal 

survival when aommistered 5-10 minutes before irradiation, and provide dose reduction (actors (DRF) 

ranging from 1.45 to 1.9 (2-4). The radioprotective mechanisms of the bioactive lipids have not been 

clearly elucidated, but they are believed to act through different receptor systems. Mechanisms ranging 

from alterations of biological mediators, such as cyclic AMP, to hypoxia and cardiovascular effects have 

been postulated (5,6). 

Because of the important biological roles and the significant radioprotection afforded by DÍPGE2 

(2, 7-11), LTC4 (3, 12, 13), and PAF (4), we investigated the behavioral toxicity of these compounds. In 

addition, we evaluated the behavioral effects of mice exposed to the sulfhydryl radioprotector S-2 (3- 

aminopropylammolethylphosphorothioic acid (WR-2721) (14) alone and in combination with DÍPGE2, 

because previous research established that combining these agents increases the degree of 

radioprotection (15, 16). An ideal combination of agents should provide enhanced radioprotection 

without an increase in behavioral side effects. Behavioral toxicity was evaluated using a test for 

spontaneous locomotor activity, a paradigm recommended by the World Health Organization (17). The 

locomotor activity test has been determined to be a sensitive measure for assessing the behavioral 

toxicity of radio protectors (18-21). 

MATERIALS AND METHODS 

Male CD2F1 male mice, 10 to 12 weeks old were obtained from Charles River Breeding Laboratory 
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(Raleigh, NC). They were quarantined on arrival, and representative animals were screened for evidence 

ot disease. Mice were housed in groups of 8-10 in Micro-Isolator cages on hardwood chip contact 

bedding m an AAALAC accredited facility. Rooms were maintained at 21° +/- 1°C with 50% relative 

humidity on a 12-12 hr light-dark cycle. Commercial rodent chow (Wayne Rodent Blox) and acidified water 

(pH, 2.5) were freely available. All mice were euthanized by inhalation of carbon dioxide at the end of the 

experiment. 

Drugs 
A range of doses of DÍPGE2, LTC4 and RAF were administered to mice. Each mouse was tested 

only once. Compounds were dissolved in 4% ethanol in saline, and administered to mice 

subcutaneously (SC) in the nape of the neck in a volume of 100 pi. Behavioral evaluation began 

immediately following drug administration. In the WR-2721 and DÍPGE2 combination study, all mice 

received two injections. The first injection was either WR-2721 (200 mg/kg) or the saline vehicle 

administered intraperitoneally (IP). The second injection, administered 5 min after the first, was either a 

SC dose of DÍPGE2 (0 4 mg/kg) or the vehicle, 4% ethanol in saline. Mice were placed in the test 

apparatus immediately after receiving the second injection 

Locomotor activity measurement. 

A computerized Digiscan Animal Activity Monitor (Omnitech Electronics, Columbus, OH) was used 

to quantitate locomotor behavior. The apparatus used an array of infrared photodetectors spaced 2,5 cm 

apart to determine locomotor activity expressed as the total distance traveled. Immediately following 

injection of the compound(s) animals were placed into the activity monitor where ambulation was 

recorded every 5 min for 1 hr to ascertain the behavioral onset of the drug. Thereafter, activity was 

recorded at 1-hr intervals until all groups returned to control levels. All testing took place during the dark 

portion of the light-dark cycle. 

One-way analysis of variance was used to determine significance levels for the effects of each 

compound on locomotor activity. Post hoc comparisons were made using Dunnett's test. 

RESULTS AND DISCUSSION 

Each of the three major compounds tested, DÍPGE2, LTC4, and PAF, produced dose-dependent 

decrements in locomotor behavior (Figure 1). At the higher doses tested, the behavioral decrement 

induced by each compound was rapid in onset, occurring within 5-10 minutes postadministration. 

Locomotor activity returned to control levels by 3 hr postadministration at the highest doses evaluated. 

Each of the three compounds tested has been shown to be radioprotective for animal survival 

when administered prior to coball-60 irradiation. DÍPGE2 at 0.4 mg/kg yields a DRF of 1.45 (16); LTC4 at 

0.4 mg'kg, a DRF of 1.9 (13); and PAF at 0.3 rng/kg, a DRF of 1.7 (4). 

WR-2721 and DÍPGE2 alone and in combination induced almost complete cessation of locomotor 

activity (Figure 2). WR-2721 produced significant locomotor deficits within 15 min that lasted for 3 hr 

Administration of 0.4 rng/kg DÍPGE2 resulted in significant decrements within 5 min of injection which 
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Figure 1. Onset (left) and duration (right) of locomotor deficit following administration of DÍPGE2, LTC4 or 
RAF. Daigs were administered SC prior to testing as described in text. Data are expressed as a percent 
of the vehicle control group. (N = 9-13/dose). 
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Figure 2. Effects of WR-2721 and DÍPGE2. alone or in combination, on onset (left) and duration (right) of 
behavioral decrement. WR-2721 (IP) D1PGE2 (SC) or the combination was administered prior to 
assessment of locomotor behavior as described in text. Data are expressed as a percent of the vehicle 
control group (N = 8-12/group). 

persisfed for 2 hr. The combination of WR-2721 and DÍPGE2 resulted In deficits within 5 min of injection 

thaï remained below control levels for 6 hr following drug administration. 

The combination of WR-2721 and DÍPGE2 administered to CD2F1 mice before cobalt-60 irradiation 

has been determined to provide a greater DRF than either compound alone (16). Pretreatment with WR- 

2721 provided a DRF of 1.90, while pretreatmenl with DÍPGE2 increased survival with a DRF of 1.45, and 

the combination yielded a DRF of 2.15. Although the combination of WR-2721 and DÍPGE2 enhanced 

radiation survival, it also produced the most severe and longest acting behavioral decrements. 

Therefore, increases in radioprotection also produced concomitant increases in behavioral toxicity. 

The results of the research summarized in this report confirm related findings on the effects of 

bioactive lipids on behavior. Exogenously administered prostaglandins, including those of the E series, 

have been demonstrated to produce sedative or tranquilizing effects in a variety of species (22). In 

addition, intracerebroventricular administration of LTC4 has been reported to decrease locomotor activity 

in the rat (23). 
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Bioactive lipids produce a variety of physiological responses. For example. DÍPGE2 induces 

diarrhea and sedative effects (18); LTC4 produces increases in hematocrit and mean arterial blood 

pressure, which may be followed by prolonged hypotension (24, 25); and RAF results in profound 

hypotensive action, reflecting peripheral vasodilation and decreased cardiac output (26). In addition, the 

radioprotective phosphorothioate WR-2721 has produced hypotension, nausea, vomiting, and mild 

somnolence during clinical trials (27). The mechanism(s) by which these compounds exert their effects 

on locomotor activity, however, remain unknown. 

It is not possible from these experiments to determine whether the adverse behavioral effects 

produced by the radioprotective compounds evaluated are mediated by a peripheral or central 

mechanism. Prostaglandins are capable of crossing the blood-brain barrier (28), while LTC4 (29) and WR- 

2721 cannot (30). PAF can influence blood-brain barrier permeability, but does not appear to penetrate it 

(31). In addition, many bioactive lipids are synthesized by brain tissue (31, 32). The decrease in 

locomotor activity reported tor these bioactive lipids may, therefore, be the result of intermediate 

messengers produced by the bioactive lipids administered or in response to their physiological action. 

In general, the onset of behavioral decrement was highly correlated with the optimal pre-radiation 

administration time ot the agent. The duration of the performance decrement, however, lasted 

considerably longer than the radioprotective effect, suggesting different mechanisms of action. 

Although bioactive lipids remain viable radioprotective and therapeutic agents, pharmacological 

concentrations of many of these compounds are behaviorally toxic, which may limit their usefulness. 
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When host antimicrobial defenses are severely compromised 
by radiation or trauma in conjunction with radiation, death from 
sepsis results. To evaluate therapies for sepsis in radiation ca¬ 
sualties, we developed models of acquired and induced bacterial 
infections in irradiated and irradiated-wounded mice. Animals 
were exposed to either a mixed radiation field of equal propor¬ 
tions of neutrons and y rays (n/y = 1 ) from a TRIGA reactor or 
pure y rays from '’"ICo sources. Skin wounds (15% of total body 
surface area) were inflicted under methoxyflurane anesthesia 1 h 
after irradiation. In al' mice, wounding after irradiation de¬ 
creased resistance to infection. Treatments with the immunomo- 
dulator synthetic trehalose dicorynomycolate (S-TDCM) before 
or after mixed neutron-y irradiation or y irradiation increased 
survival. Therapy with S-TDCM for mice irradiated with either 
a mixed field or y rays increased resistance to Klebsiella pneu- 
mon/uc-induced infections. Combined therapy with S-TDCM 
and ceftriaxone for K. pneumoniae infections in mice exposed to 
a mixed radiation field or to y rays was more effective than sin¬ 
gle-agent therapy. In all irradiated-wounded mice, single ther¬ 
apy of acquired infections with an antibiotic or S-TDCM did not 
increase survival. Survival of irradiated-wounded mice after topi¬ 
cal application of gentamicin sulfate cream suggested that bacte¬ 
ria colonizing the wound disseminated systemically in untreated 
irradiated mice, resulting in death from sepsis. In lethal models 
of acquired infections in irradiated-wounded mice, significant 
increases in survival were achieved when systemic treatments 
with S-TDCM or gentamicin were combined with topical treat¬ 
ments of gentamicin cream. Therapies for sepsis in all mice ex¬ 
posed to a mixed field were less effective than in mice exposed to 
y rays. Nonetheless, the data show a principle by w hich success¬ 
ful therapy may be provided to individuals receiving tissue 
trauma in conjunction with radiation injury. < iw Academic Press. 
Inc. 

INTRODUCTION 

When a host’s antimicrobial defenses are severely com¬ 
promised by y or neutron radiation, death from sepsis may 

occur (/). Therapy with antibiotics for infections that ac¬ 
company hematopoietic system failure decreases morbidity 
and mortality of neutron-irradiated mice (2). Limited re¬ 
search has been done on antibiotic therapy of infection in 
neutron-irradiated hosts. Streptomycin therapy for infec¬ 
tion in fast-neutron-irradiated mice increased survival 
times but not overall survival rates (J). Treating infections 
with antibiotics in neutron-irradiated mice may be more 
difficult because tissues involved in the defense against mi¬ 
crobial infection undergo more damage than that seen after 
an equal dose of y radiation (4, 5). Trauma inflicted on 
y-irradiated hosts increases the difficulty of treating bacte¬ 
rial infections significantly compared to treating trauma or 
radiation exposure alone (2, 6, 7). Penicillin treatments 
contain but do not eradicate Staphylococcus aureus from 
infected muscle wouncs in mice given sublethal doses of y 
rays (S). Antibiotic treatments for wound sepsis may be 
more difficult to develop for y-irradiated mice because the 
complications after wound trauma are more severe (9). 

The disaster at Chernobyl (10) and the atomic detona¬ 
tions at Hiroshima and Nagasaki (//) underscore the need 
for effective therapies for infection in humans subjected to 
nuclear radiation and physical trauma. Newly synthesized 
antibiotics and immunomodulators may treat infections in 
severely immunocompromised hosts effectively. For exam¬ 
ple. we have shown that the immunomodulator synthetic 
trehalose dicorynomycolate (S-TDCM), when injected into 
y-irradiated mice either alone or with a third-generation 
cephalosporin, ceftriaxone, increased survival from in¬ 
ch :ed lethal Klebsiella pneumoniae infections (/2). Using 

rDCM with the fluoroquinolone ofloxacin to treat ac¬ 
quired infections after y irradiation and skin wound 
trauma also increased survival times of mice (/2). 

This paper reviews our findings on the survival of irra¬ 
diated mice and of irradiated-wounded mice treated with 
S-TDCM and antibiotics for endogenously acquired noso¬ 
comial infections and exogenously induced K. pneumoniae 
infections. The survival of neutron-irradiated mice treated 
with S-TDCM and antibiotics is compared with the sur¬ 
vival obtained for y-irradiated mice receiving the same 
treatments. 

0033-7587/91 S3.00 
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MATERIALS AND METHODS 

Animals 

B6D2FI/J female mice were obtained from Jackson Laboratory (Bar 
Harbor. ME). C3H/HeN female mice were obtained from the National 
Cancer Institute Animal Breeding Facility (Frederick, MD). The mice 
were maintained as described previously (/4) Research was conducted in 
a facility accredited by the American Association for Accreditation of Lab¬ 
oratory Animal Care (AAALAC). All procedures involving animals were 
reviewed and approved by an institutional animal care and use committee. 

Nein run Irradiations 

Neutron irradiations were performed using the AFRRI TRIGA Mark-F 
reactor. This reactor is a movable-core pool-type facility with maximum 
operational steady-state power of 1 MW. The reactor was operated at 45 
kW. The neutron-to-photon dose ratio of I was achieved by irradiating 
mice through a 15-cm lead shield. 255 cm from the tank wall and 120 cm 
above the exposure room floor. I he mean energy for neutrons and pho¬ 
tons in experiments was approximately 0.8 MeV ( 15). T tus mice received 
radiation doses with a spectrum of energies that contained an equal mix¬ 
ture of neutrons (n: 50%) and y photons (y: 50%). All reactor irradiations 
were performed at a total dose rale of 38 cGy/min. The total dose rate 
varied less than 2% o er the entire radiation held Mice were irradiated in 
aerated aluminum tubes that rotated at 1.5 rpm. 

Irradiation with y Photons 

B6D2FI/J mice were irradiated bilaterally at 40 cGy/min in a 'A’o y-ray 
facility. C3H/HeN mice were irradiated unilaterally at 40 cGy/min with a 
60CoTheratron unit. All irradiations of mice were done in aerated Plexiglas 
restrainers. The tissue/air ratios were 0.988 for bilateral “Co y irradiation 
and 0.98 for unilateral “'Co y irradiation. Dosimetric techniques for 
measuring TRIGA reactor and “Co-produced radiations have been de¬ 
scribed (5). 

Skin U minding 

Mice were anesthetized by inhalation of methoxyllurane before wound¬ 
ing. Full-thickness, nonlethal skin injuries were inflicted after irradiation 
by remov ing a I - by 1.5-in. section of dorsal skin and underlying panicu- 
lous carnosus muscle with a steel punch. Details for inflicting skin wounds 
were described previously (14). 

Bacteria 

The bacteria used in the majority of our studies were a clinical isolate of 
K. pneumoniae capsule type 5. The bacteria were harvested in the logarith¬ 
mic phase of growth in brain-heart infusion broth (¡V, 12). Mice were given 
doses of viable bacteria based on colony-forming units (CFU) as described 
previously (S. 12). Endogenous bacteria found in nonirradiated normal 
mice or irradiated mice were ¡demitied by standard techniques using blood 
agar and MacConkey agar. Specimens were incubated in air and 5¾ C02 
or in anaerobic jars where necessary for identification. 

Thera/ , 

S-TDCM was a gift of P.ibi ImmunoChem Research, Inc. (Hamilton, 
MT). The chemical formulation of S-TDCM results in a molecular weighi 
of about 1 "’SO Da (14). Briefly, S-TDCM is prepared by the condensation 
of 32C-I beled mycolic acid residues with the sugar trehalose. Prior to use, 
stock S-TDCM concentrations were prepared using pyrogen-free materials 
by dissolving in hexane and drying under nitrogen (14). The dried product 
was then homogenized in 0.2% Tween 80-0.9% NaCI and sonicated. En¬ 
dotoxin levels in I mg/ml S-TDCM samples were <0.006 ng/ml as deter¬ 
mined by the limulus lysate assay. Various concentrations of S-TDCM 
were injected intraperitoneally (ip) into mice in 0.5-ml volumes. 

Oxacillin sodium, gentamicin sulfate, ofloxacin, and ceftriaxone sodium 
were used systemically. All antibiotics were prepared in pyrogen-free 
water, and 0.1-ml quantities were injected subcutaneously 'sc) above the 
right or left gluteus médius of each mouse daily for 10 consecutive days. 
The daily dose of oxacillin was 150 mg/kg; gentamicin, 7.5 mg/kg; ofloxa¬ 
cin, 40 mg/kg; and ceftriaxone, 75 mg/kg. Garamycin cream (0.1% genta¬ 
micin sulfate) and a generic 0.1% gentamicin sulfate cream were used 
topically. The creams were applied once daily for 10 consecutive days in 
0.5-0.7 g amounts sufficient to cover the wounded site. 

Statistical Analyses 

Survival data for mice in experimental groups were ob'ained for 30 days 
after irradiation. Comparisons were made by the generalized Savage (Man- 
tel-Cox) procedure ( 16). Probit analysis of numbers of mice surviving 30 
days was made on log-transformed doses using the methods of Finney 
(/7. IS). 

RESULTS 

Survival of Normal and Skin- Wounded Mice after 
Exposure to Mixed-Field Irradiation (n/y = 1) 
or to y Rays 

We developed immunocompromised models for ac¬ 
quired and induced bacterial infections by irradiating or 
irradiating and wounding the two strains of mice. The aim 
was to establish n/7-ray and hl’Co 7-ray doses that mice 

could survive after successful therapeutic interventions for 
sepsis. Further, to compare the efficacy of treatments for 
sepsis, we wanted to use mixed-tield and photon-only expo¬ 
sures that produced the same degree of lethality in the ab¬ 
sence of treatment. We performed 30-day survival probit 
analyses to calculate the relative biological effectiveness 
(RBE) of exposure to the mixed radiation field compared to 
7 irradiation in mice, based on LD50/30 end points. 

The two mouse strains were used because their intestinal 

bacterial microflora were different (Table 1). While gram- 
positive organisms (presumptive lactobacilli) were found in 
both mouse strains, Escherichia coli and Proteus mirabilis 
were isolated only from the C3H/HeN strain. These En- 
terobacieriaceae are common opportunistic intestinal mi¬ 
croflora in irradiated mice. Translocation of the intestinal 
microflora from the lumen of the gut in irradiated hosts 
results in endogenously derived septicemia (2). Thus groups 
of B6D2F1/J and C3H/HeN mice were given mixed-field 
doses ranging from 2.5 to 6.0 Gy. A comparative study was 
done with these mouse strains given 6UCo 7-ray photons in 
doses ranging from 5.5 to 11.0 Gy. In both sets of experi¬ 

ments, additional groups of mice received skin wounds 1 h 
after irradiation. Table II presents the LD50/30, RBE, and 
slope values for all of these experiments. The LD50/50 values 
for B6D2F1/J mice were higher than for C3H/HeN mice, 
indicating resistance to the lethal effects of radiation or radi¬ 
ation-wounding. Wounding after irradiation reduced the 
LDjq/jo’s for both mouse strains. Slope values for mixed- 
field and 7-irradiated B6D2F1/J mice and for 7-irradiated 
C3H/HeN mice were decreased (P < 0.009) by wound 
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TABLE I 
Differences in Intestinal Microflora in C3H/HeN Radiosensitive Mice and B6D2F1/J Radioresistant Mice“ 

I issue 

Mouse strain 

C3H/HeN B6D2ET/J 

Number Number 
Gram's positive/ Mean positive/ Mean 

stain tested CPU ±SE tested CPU ±SE 

Ileum Positive 

Negative 
E. coli 

Negative 
anaerobic 

Cecum Positive 

Negative 
E coli 

Negative 
anaerobic 
B. ovalu.s 

5/5 1.3x10® 

3/5 1.1 X 10s 

0/5 

5/5 5.0 X 10* 

5/5 1.6 X 105 

5/5 1.7 X 107 

2.3 X 10* 5/5 
7.1 X 10’ 
2.0 X 10s 0/5 
6.4 X 104 

6.4 X 10* 5/5 
4.0 X 10* 
3.4 X 10s 0/5 
7.4 X 104 
3.2 X 10’ 3/5 
9.3 X 10‘ 

7.1 X 107 1.7 X 10* 
2.9 X 107 

2.2x10* 3.0x10* 
1.5 X 10* 

1.4 X 107 8.1 X It)7 
2.4 X 106 

a Nonirradiated normal mice were used in this analysis. The gram-positive bacteria are presumptive Lactobacillus sp. Proteus mirabilis is frequently 
found in C3H/HeN mice, but was not identified in these studies; only the major bacterial genera and species were identified. 

trauma. The decreased slope values indicate additional 
contributions by wound trauma to biological variability. 
The slope for C3H/HeN mice exposed to the mixed field 
was not changed (P = 0.22) by adding wound trauma. Thus 
only curves representing the survival of C3H/HeN mice 
irradiated with the mixed field could be drawn parallel. 

The significance of the intestinal microflora data in rela¬ 
tion to survival may be explained as follows. In y-photon- 
irradiated mice the intestinal microflora have an equal im¬ 
pact on survival in both strains when the animals are in¬ 
flicted with skin wounds. The intestinal colonization of 

C3H/HeN mice with opportunistic bacteria did not change 
the mode of death after mixed-field irradiation and the in¬ 
fliction of skin wounds. Presumably, opportunistic bacteria 
of wounded or unwounded B6D2F1/J mice were not a fac¬ 
tor in overall survival after mixed-field or y irradiation. The 
RBE value of about 2.0 for both irradiated-wounded and 
irradiated B6D2F1/J mice supports this observation. It 
may be that colonization of the wound site by gram-posi¬ 
tive bacteria from other sources (skin, bedding) contributed 
to mortality equally, independent of the quality of radia¬ 
tion. 

TABLE II 
Survival of Normal and Skin-Wounded Mice after Mixed-Field or y-Photon Irradiation 

Radiation only Radiation and wound 

Mouse Radiation LDS0/J0 LD50/j0 
strain source Slope“ (cGy) RBE* Slope (cGy) RBE 

B6D2F1/J “Co1' 
Reactoi 

35.8 
40.3 

964 ± 30 1.95 22.3 
494 ± 1 — 23.4 

761 ± 25 2.0 
381 ± 8 — 

C3 H/HeN 60Cod 
Reactor 

37.6 732 ±13 
29.1 423 ± 7 

1.73 20.8 653 ±21 2.11 
31.5 310 ± 7 — 

“ Wound trauma significantly (T < 0.009) decreased slope value for mixed-field and y-irradiated B6D2F1/J mice and for y-irradiatedC.t H/HeN mice. 
The slope for mixed-field-irradiated C3H/HeN mice was not changed (/’ 0.22) by intlicting wound trauma. Slope values for B6D2E1/J andC3H/HeN 
mice were similar after -> irradiation and y irradiation w ith subsequent wound trauma. Slope values for these strains of mice were significantly different 
after mixed-field irradiation (P = 0.0002). The P value was 0.096 between the strains given mixed-field radiation and wound trauma. 

b Values were calculated at LDS0/30. 
‘ Bilateral exposure. 
J Unilateral exposure. 
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FIG. I. Survival of mixed-field-irradiated (E3) and 7-irradiated (□) 

mice treated with S-TDCM. Ci roups of 2(1 B6D2FI/J mice were injected ip 

with 100 pg S-TDC'M before or after irradiation with comparable 

LDso/.»'5- and survival was recorded for 30 days. Survival in saline-treated 

mice (0.2'i Tween-0.9'" NaCl or 0.9'v NaCI alone) was 10-15% after 

irradiation. Survival in all S-TDCM-treated groups was increased signifi¬ 

cantly (/’ < 0.05), compared to survival for saline-treated groups. 

In conclusion, in B6D2F1/J mice, 7.0 Gy y rays and 3.5 
Gy mixed-field radiation were used as sublethal immuno¬ 
compromising doses while 10.25 Gy 7 rays and 5.15 Gy 
mixed-field radiation were used as the I I)s,l/10's. In C3H/ 
HeN mice, 8.0 Gy 7 rays and 4.0 Gy mixed-field radiation 
were used as minimum lethal radiation doses in irradia¬ 
tion-wounding studies. 

Survival of Irradiated Mice aller TDM Treatment 

Substances used to treat casualties in nuclear radiation 
environments should have minimal effects on task perfor¬ 
mance (/9). Locomotor and consumatory behaviors of 
normal nonirradiated mice are affected only slightly by 
100-200 /ug ip doses of S-TDCM {21)). Therefore, we deter¬ 
mined the 30-day survival of irradiated mice (LD80/30) 
treated with S-TDCM (Fig. I ). S-TDCM (100 Mg. ip) was 
equally effective (75% survival) when injected into 
B6D2FI/J mice 24 h before either 10.25 Gy 7 irradiation or 
5.15 Gy mixed-field irradiation. S-TDCM treatments I h 
after the respective LD80/j0's resulted in 45% survival for 7 
rays and 65% survival for mixed-field radiation ( P > 0.05). 

We evaluated the protective and therapeutic values of 
natural TDM from Mycobacterium phlei in 2% squalene oil 
(TDM-O) in 0.2% Tween-80 saline for radiation-induced 
injuries by performing complete dose-response survival 
curves with B6D2F1/J mice. (Experiments with TDM-0 
were done before the synthetic preparation of TDM be¬ 
came available.) The dose reduction factors (DRFs) for 
mixed-field-irradiated and 7-irradiated mice were some¬ 
what greater (Table 111) in protection studies (50 or 100 Mg 
TDM-O 24 h before irradiation) than in therapy studies (50 
or 100 Mg TDM-O 1 h after irradiation). While the DRFs 
for irradiated mice treated with TDM-O ranged between 
1.1 and 1.3, the LD50’s are significantly different {P < 0.05) 
for saline-treated, irradiated mice. Values for the DRF as 
high as 2.7 were reported for mice treated with ,v-2(3- 

aminopropylamino)ethylphosphorothioic acid ( WR-2721 ) 
(2/) and 1.3 for mice treated with bacterial endotoxin (lipo¬ 
polysaccharide; LPS) (22). While the DRFs reported here 
for 7-irradiated mice are lower than those for mice treated 
with WR-2721 and somewhat similar to those for mice 
treated with I PS, both agents have substantial toxicity 
compared to S-TDCM. Also. S-TDCM is the first immuno- 
modulator reported to have beneficial effects in animals 
exposed to mixed field radiation (23). The DRF for S- 
TDCM indicates a modest efficacy in treating neutron-irra¬ 
diated victims. In contrast, the DRF for WR-2721 in a 
high-neutron field (/>/7 20) produced by the reactor was 
only 1.2 (24). 

Endogenous Spleen Colonies in Irradiated Mice after 
S-TDCM Treatment 

Bacterial endotoxins, when injected into heavily irra¬ 
diated mice, enhance hematopoietic recovery as measured 
by increases in the number of peripheral blood leukocytes 
and spleen colony-forming units (32). We evaluated S- 
TDCM for its ability to accelerate hematopoietic recovery 
in irradiated mice by counting endogenous spleen colony¬ 
forming units (E-CFU-S) (Fig. 2). Treatments with S- 
TDCM either before or after mixed-field or 7 irradiation 
increased E-CFU-S more (P < 0.05) than in untreated mice. 
Increasing the dose of S-TDCM to 400 Mg for treatment 
after ¡radiation did not increase the colony numbers signifi¬ 
cantly from those recorded for 100-Mg S-TDCM treatments 
before irradiation. While S-TDCM increased E-CFU-S, no 
quantitative relationship between survival and number of 
colonies is predicted. Exhaustive studies with bacterial en- 

TABLE 111 
Survival of Irradiated Mice after TDM-O Treatment 

Radiation quality“ 

Mixed-fiekT Gamma rays' 

treatment 

24 h before irradiation 

TDM-O 

0.9% NaCI 

I h after irradiation 

TDM-O 

0.9% NaCI 

F D M,7 „i DRF" 

596 1.12 

531 — 

581 1.12 

518 — 

1 Dwv, DRF" 

1178 1.27 

928 — 

988 1.06 

928 — 

“ LD50/30's for B6D2F1/J mice were determined from log-transformed 

dose-response survival data prepared by giving groups of animals y radia¬ 

tion in 50-cGy increments and mixed-field radiation in 25- or 50-cGy 

increments ( 10-20 mice were irradiated at each dose). 

* 100 ßg 1 DM-O and 0.2% Tween-80 saline. 

‘ 50 ßg TDM-O. 

" DRFs were calculated by dividing LD50/30 for TDM-O-treated mice by 

the LD50;,0 for control mice. All DRF values for I DM-O-treated mice are 

different from controls (P < 0.05). 
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dotoxin in 7-irradiated mice suggest a qualitative and 
not a quantitative relationship between survival and 
E-CFU-S (22). 

Resistance of Irradiated Mice to Induced Bacterial 
Infections after S-TDCM Treatment 

Several natural products derived from bacterial cel! walls, 
chemically modified cell wall products, and synthetic ana¬ 
logues of natural cell wall materials enhance the resistance 
of normal mice to microbial challenge (25. 26). Because 
treating irradiated mice with S-TDCM increased survival 
and stimulated hematopoietic recovery, we tested S-TDCM 
for an ability to increase resistance against lethal infections 
induced w ith K. pneumoniae. To develop a model of infec¬ 
tion in immunocompromised mice suitable for treatment 
with S-TDCM, we determined the range of susceptibility to 
K. pneumoniae after sublethal irradiation. Groups of 8-16 
B6D2F1/J were challenged sc with 10-fold dilutions of/C 
pneumoniae on 1,4, 7, 10, and 14 days after irradiation 
with 3.5 Gy mixed-field radiation or 7.0 Gy 7 rays. Figure 3 
shows the LD50/30 survival data for these experiments. 
There was no significant difference in susceptibility (P 
> 0.05) to bacterial challenge 1,4, and 7 days after exposure 
to either the mixed-field radiation or 7 rays, but 7-irra- 
diated mice were more susceptible to infection than mice 
exposed to mixed-field radiation at 10 and 14 days (P < 
0.05). Maximum susceptibility to challenge with K. pneu¬ 
moniae was at 4 days after irradiation with the calculated 
Lf-*50/30 CFU of 80 and 290 for the mixed-field exposures 
and 7-ray exposures, respectively. In normal nonirradiated 
mice the LD50/30 for sc challenge with K pneumoniae is 
approximately 5-7 x 106 CFU. 

The susceptibility of irradiated mice to challenge w ith K 
pneumoniae may be related to the low number of periph- 

16 

24 h before 1 h after 
(Protection: 100 |ig) (Therapy; 400 (ig) 

Treatment with S-TDCM 

FIG. 2. Endogenous spleen colony-forming units (E-CFU-S) in 
mixed-field-irradiated ($3) and y-irradiated (□) mice treated with S- 
TDCM. Twelve to fifteen mice were injected ip with 100 pg S-TDCM 24 h 
before irradiation or 400 pg S-TDCM after irradiation. Spleens were har¬ 
vested at 10 days and fixed in Bouin's solution, and the nodules that 
formed were counted. The average number of nodules formed after con¬ 
trol treatments (0.2% Tween-0.9% NaCl or 0.9% NaCl alone) were 2-3 for 
mixed-field-irradiated mice and 3-5 for -/-irradiated mice; the number of 
nodules formed after S-TDCM treatment was increased significantly (P 
< 0.05), compared to nodules formed in saline-treated groups. 
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FIG. 3. LD50/j0 of A. pneumoniae for irradiated B6D2FI/J mice. Mice 
received comparable 7 (•) and mixed-field (O) radiation doses of 7.0 and 
3.5 Gy. respectively. K pneumoniae was injected sc into groups of 8-16 
mice on the indicated days. Each LDS0/W is based on survival data from six 
groups of mice, each group receiving a 10-fold dilution of A. pneumoniae 
ranging between 10‘ and 10* viable CFU. The LD50/J0 was determined by 
probit analysis for each type of radiation and each time of challenge after 
irradiation. Vertical bars represent the upper and lower 95% confidence 
limits of each LD50/30. Susceptibility to K. pneumoniae challenge was 
greater (/’ < 0.05) at Days 10 and 14 after 7 irradiation than it was after 
mixed-field irradiation. 

eral blood elements at the time of challenge and during the 
subsequent development of sepsis (Fig. 4). In mice exposed 
to the mixed field, peripheral blood leukocyte numbers 
were lower than those in 7-irradiated mice at the time of 
bacterial challenge, while platelet numbers returned to nor¬ 
mal levels earlier in mice exposed to a mixed field than in 
7-irradiated mice. Perhaps the higher platelet levels in mice 
exposed to a mixed field accounted for the decreased suscep¬ 
tibility to K. pneumoniae challenge the second week after 
irradiation. 

We used an end point of 80% survival to test the effective¬ 
ness of S-TDCM in treating Á pneumoniae sepsis induced 
in B6D2F1/J mice 4 days after exposure to sublethal levels 
of mixed-field or 7 irradiation (Fig. 5). The resistance of the 
host was enhanced by S-TDCM more effectively in mice 
exposed to the mixed field than in those exposed to 7 rays. 
Treatment with S-TDCM increased resistance to 10’ 
LD50/30’s of K. pneumoniae in mice exposed to the mixed 
field and to about 4 x H)2 LD50/30 in 7-irradiated mice. This 
is a significant increase in resistance in both radiation mod¬ 
els, but normal mice are about 50 times more resistant to K 
pneumoniae challenge than S-TDCM-treated, irradiated 
mice. Other studies evaluating S-TDCM for treatment of 
pneumoniae sepsis in irradiated mice have been reported 
(72, 22). 

Survival from Lethal Infections in Irradiated Mice after 
A ntihiotie Treatment 

The use of antibiotics for the management of infections 
in irradiated hosts was reviewed in work published by one 
of our group (2). We recently evaluated two new antibiotics, 
ceftriaxone (a third-generation cephalosporin) and ofioxa- 
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FIG. 4. Peripheral blood leukocytes and platelets in mice given compa¬ 
rable mixed-field (O) and y (•) irradiations. Groups of three to eight 
B6D2E1/J mice were bled at the indicated times alter irradiation. Normal 
cell values were obtained from groups of 10 mice. Leukocytes and platelets 
were significantly reduced (/’ < 0.05) over the 28-day period. (A) Mixed- 
field irradiation reduced (P < 0.05) the leukocyte count significantly com¬ 
pared to that for y-ray photons in the first week of the experiment and 
during the last week of the experiment (/’ < 0.05). (B) Platelets were signifi¬ 
cantly reduced (P < 0.05) in y-irradiated mice compared to those exposed 
to the mixed field at 14 days. 

ein (a fluoroquinolone), for their efficacy in treating in¬ 
duced infections in -y-irradiated mice and mice exposed to 
the mixed field (Table IV). While different infection models 
in irradiated mice were used to evaluate these antibiotics, it 
is clear that they increased survival significantly. Ceftriax¬ 
one therapy for mice exposed to the mixed field and in¬ 
fected with K. pneumoniae had no specific efficacy: the 
mice received ^90 LI)MI/,0’s of A', pneumoniae, while y- 
irradiated mice received =1.7 x 1()J LD50/30’s of A. pneu¬ 
moniae. 

Compared to -y-irradiated animals, little research has 
been done on antibiotic treatments for endogenously ac¬ 
quired infections in neutron-irradiated hosts. Early work 
(3) showed that streptomycin therapy for acquired infec¬ 
tions in mice given midlethal doses (LD7V3U) to near-lethal 
doses (LD,0/30) of fast neutrons decreased mortality by 25 
and 15%, respectively. (Treating infections in neutron-irra¬ 
diated hosts with new classes of antibiotics or new modali¬ 
ties of therapy (/2, 23, 27) should be studied.) Along these 
lines, a synergistic increase in survival (P < 0.05) was 
achieved in mice exposed to the mixed field (3.5 Gy) system- 
ically treated with S-TDCM and ceftriaxone for A. pneu¬ 
moniae sepsis, compared to single-agent therapy with an 
immunomodulator or antibiotic (Fig. 6). A synergistic in¬ 
crease in survival from A. pneumoniae sepsis by combined 
treatments was not (P > 0.05) obtained in mice irradiated 
with 7.0 Gy y rays. However, combined treatments with 
S-TDCM and ceftriaxone resulted in more survivors (95%) 
than did ceftriaxone alone (75%) (P > 0.05). 

Survival l ime from Sepsis of Irradiated Mice Inflicted 
with Wound Trauma after Systemic Combined- 
Modality Therapy with Antibiotics and S-TDCM 

The therapeutic effectiveness of S-TDCM or antibiotics 
can be obviated by increasing the challenge dose of bacteria 
or may be decreased when wound or burn trauma is also 
present. Colonization of both the injured site and the intes¬ 
tinal tract by opportunistic bacteria leading to massive sys¬ 
temic bacterial translocation may overwhelm therapeutic 
efforts. Because S-TDCM and antibiotics effectively treated 
acquired and induced sepsis in irradiated mice, we per¬ 
formed experimentstestingtheirefficacy in treating endoge¬ 
nously acquired infection in irradiated mice inflicted with 
wound trauma, fahle V presents survival data for C3H/ 
HeN mice given 8.0 Gy y rays (an approximate LDuio/jo) 
and a 15% skin wound followed by systemic antibacterial 
treatments. These studies showed that only antibiotics in¬ 
creased the survival time of irradiated-wounded mice. S- 
TDCM increased survival from a lethal dose of 7 rays, but it 
had an apparent detrimental effect in irradiated mice in¬ 
flicted with wounds by reducing the survival time from 5.9 
± 0.2 days for controls to 5.5 ± 0.1 days. These survival 
times were not significantly different from each other (P 
>0.05). Ofloxacin and gentamicin therapy of irradiated- 
wounded mice increased (P < 0.05) survival times most. In 
experiments not reported here, S-TDCM also tended to re¬ 
duce survival time when combined with ofloxacin (8.9 
± 0.2 days) compared to ofloxacin alone (9.2 ± 0.2 days). 
We did not test the effect of S-TDCM on survival in genta¬ 
micin-treated mice in this experimental series. We con¬ 
cluded from these experiments that single-agent therapy 
w ith S-TDCM or antibiotics increases survival of irradiated 

S-TDCM Treatment (gg) 

FIG. 5. Resistance of irradiated mice to bacterial challenge alter ther¬ 
apy with S-TDCM. Groups of 16-20 B6D2F1/J mice were given compara¬ 
ble doses of 7 rays and mixed-field radiation. At 2 h after irradiation, 
y-irradiated mice received 100 Mg S-TDCM while mice exposed to the 
mixed field received 400 Mg S-TDCM. Mice were challenged sc with K 
pneumoniae4 days after irradiation and were observed for 30-day survival. 
The bars for irradiated mice (□) represent the number of K. pneumoniae 
CFU required for a 50% survival end point, while the bars for S-TDCM- 
treated irradiated mice (□) represent an 80% survival end point. 
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TABLE IV 
Survival of Irradiated Mice Given Antibiotic Therapy for Induced Klebsiella pneumoniae Infections 

Radiation Infection model Treatment“ 30-day survival, 9(10 

7.0 Gy > rays 

8.0 Gy 7 rays 

3.5 Gy mixed-field 

radiation 

5 X 106 CPU, sc 

Day 4 

5 X lOHTTJ. sc 

Day 4 

108 CEU, po 

Day 2 

10s CEU, po 

Day 2 

7.2 X KT CEU, sc 

Day 4 

7.2 X 10’ CEU, sc 

Day 4 

Ceftriaxone 

0.9% NaCI 

Ofloxacin 

0.9% NaCI 

Ceftriaxone 

0.9% NaCI 

11/16, 69% 

0/10, 0% 

51/60, 85% 

16/60, 25% 

18/20, 901¾i 

0/20,0% 

“ Ceftriaxone. 1.875 mg/mouse sc. was administered once daily for 10 consecutive days commencing I day after sc challenge with A. pneumoniae; 
ofloxacin, 1.0 mg/mouse po, once daily for 7 consecutive days starting 1 day after po challenge with K pneumoniae Control treatment of irradiated-in- 

fected mice was 0.1 ml 0.9% NaCI. 

* Therapy with antibiotics significantly (/’ < 0.01 ) increased survival when compared to respective saline-treated control mice. 

hosts, hut S-TDCM alone or with an antibiotic seemed to 
reduce survival time in irradiated-wounded mice. 

Antibiotic-resistant organisms obviate the etficacy of anti¬ 
bacterial treatments. Thus, to determine why single-agent 
therapy with ofloxacin and combined modality therapy 
with S-TDCM and ofloxacin did not increase the number 
of survivors, we analyzed the bacteria colonizing the wound 
site and the bacteria that had been translocated to the liver 
to determine the antibacterial effectiveness of these agents. 
The liver is the principal organ involved in disseminated 
sepsis (2S, _7V). Table VI lists the bacteria associated with 

S-TDCM S-TDCM S-TDCM S-TDCM 

Treatment — - --- • 

E1G. 6. Survival after therapy with S-TDCM and ceftriaxone for sepsis 

in irradiated mice. Groups of 20 B6D2EI/J mice were irradiated and 

treated as follows: S-TDCM = 200 ^g ip I h after irradiation; CE = 75 

mg/kg ceftriaxone sc once daily for 10 consecutive daily doses commenc¬ 

ing 1 day after A' pneumoniae challenge ( Day 4 after irradiation ). A pneu¬ 
moniae doses were 3.3 X 105 CEU (t:3 x U)4 LDs0/jO) for mice exposed to 

the mixed field (W and 5.2 x 10" CPU (=:2.2 x 104 LDi0i,v)) for y-irra- 

diated mice (□). In mice exposed to the mixed field, survival was increased 

by combined modality therapy with S-TDCM and ceftriaxone which acted 

synergistically (/’ = 0.0389) compared to therapy with a single agent. In 

7-irradiated mice, no synergistic increase in survival after combined ther¬ 

apy was found (P = 0.149). 

the wound site and liver of wounded, irradiated-wounded, 
or irradiated mice. Gram-negative and gram-positive bacte¬ 
ria were found on the wound site of irradiated-wounded 
mice treated with S-TDCM or treated with saline. 

Gram-positive and gram-negative bacteria were found 
on the wound site of irradiated mice, while only gram-posi¬ 
tive bacteria were found on the wound site of nonirradiated 
animals. No gram-negative bacteria were found either on 
the wound site or translocated to the liver in mice treated 

TABLE V 
Survival Time of Lethally Irradiated Mice Inflicted with 

Wound Trauma and Given Systemic Antibiotics“ 

Survival time Survival 

Treatment (days) fraction 

Saline + ofloxacin 9.2 ± 0.2'’ 0/20 

Saline + gentamicin 8.8 ± 0.4 0/20 

Saline + oxacillin 6.6 ± 0.3 0/20 

S-TDCM t ruo 5.5 ± 0.1 0/20 

Saline + 11,0 5.9 ± 0.2 0/40 

“C3H/UeN mice were given 8.0 Gy y radiation I h before inflicting skin 

wound trauma. All mice other than those treated with S-TDCM were 

treated with 0.5 ml 0.9% saline after wound trauma. The mean survival 

time for mice given 8.0 Gy radiation only and not wounded was 12.8 ± 0.4 

days. Survival of 70% was recorded for mice given 200 Mg S-TDCM ip I h 

after 8.0 Gy. Antibiotics or H,0 were provided once daily commencing 2 

days after skin wound trauma and for 9 or 10 consecutive days thereafter. 

In three different experimental series the survival times for irradiated- 

wounded mice given no treatments ranged between 7 and 9 days. 

'’Ofloxacin and gentamicin significantly increased (P < 0.05) survival 

times of irradiated-wounded mice, compared to all other treatment 

groups. All antibiotics significantly increased (/' < 0.05) survival times of 

irradiated-wounded mice, compared to survival limes after S-TDCM 

treatment. 
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TABLE VI 
Isolation of Bacteria from Wound and Liver of -y-Irradiated-Wounded Mice after S-TDCM and Ofloxacin Therapy“ 

Day of culture 

4-5 6-11 
Experimental - 

group Wound Liver Wound Liver 

Treatment 
Saline or S-TDCM 

Ofloxacin 

S-TDCM/ofloxacin 

Control 
Wounded 

Irradiated 

S. aureus 
S. faecium 

eoli 
P. mirabilis 
S. aureus 
S faecium 

S aureus 
S faecium 

P mirabilis 

S. faecium 
S. aureus 

h 

.S', aureus 
S. xylosus 

S. aureus 
.S', xylosus 
S. faecium 

h 

S aureus 
A. viriclans 
S. faecium 
S. faecalis 
S. aureus 
S. faecium 
A. viridans 
S. faecalis 

S. aureus 
S. xylosus 
Streptococcus spp. 
S. epidermidis 

j 

S. aureus 
S. xylosus 
Streptococcus spp, 

■S. aureus 
E. eoli 
K. oxytoca 

“C3H/HeN mice were wounded 1 h after 8.0 Gy y irradiation, and antibiotic therapy began 4 h later, S-TDCM (200 ¿ig) was given ip I h after 
irradiation, immediately after wounding. Mice in each group were euthanized on Day 4, 5,6, 8, or 11 after irradiation and injury, and the wound site and 
liver were cultured to identify the bacteria. Bacteria are listed in order of frequency of isolation in each group/time. Control mice received 9,0 Gy 
irradiation, 

^ No mice available for testing because of mortality. 
r No bacteria isolated. 
d Mice not wounded in this group. 

with ofloxacin or ofloxacin and S-TDCM. Gram-positive 
bacterial species were found on the wound site and in the 
liver of all mice treated with ofloxacin. From these findings 
we concluded that irradiated-wounded mice were dying 
with gram-positive bacterial sepsis, and that the source of 
the infections was the wound, because the bacteria found in 
the liver were similar to those colonizing the wound site. 

Survival from Sepsis in Irradiated Mice InJIicted with 
H ound Trauma Given Systemic Combined-Modality 
Therapy with Antibiotics, S- TDCM. and Topical 
Antibiotics 

Bacteria colonizing the wound site were disseminated sys- 
temically in irradiated mice, as noted in Table VI. Because 
topical and systemic antibiotics applied together are more 
effective in treating wound infections (TW), we evaluated 
several common topical antibiotic preparations for their 
efficacy in treating wound infections in mice injured after 
irradiation. Common disinfectants were also evaluated. 
The agents tested and the survival data obtained are listed 

in Table VII. In this experimental series, as well as in other 
tests, gentamicin cream increased survival time most (P 
< ().()5). and hence was used in later experiments with sys¬ 
temic antibiotics and S-TDCM alone or in combination. 

Systemic antibiotic therapy included sc treatments with 
oxacillin, ofloxacin, and gentamicin in both -y-irradiated 
mice and those exposed to the mixed field. Systemic cef¬ 
triaxone was evaluated only in those exposed to the mixed 
field. The survival data for topical and systemic antibiotic 
treatments are presented in Fig. 7. In mice wounded after 
8.0 Gy > irradiation, topical gentamicin sulfate treatments 
with or without systemic gentamicin resulted in about 50% 
survival. When topical gentamicin was used with oxacillin, 
all mice survived. The increased survival was statistically 
significant at P < 0.05 when compared to the survival ob¬ 
tained for topical gentamicin treatments and P < 0.01 for 
all other comparisons. In mice wounded after 3.8 Gy 
mixed-field radiation, topical gentamicin sulfate in combi¬ 
nation with all the antibiotics tested systemically increased 
survival significantly (P < 0.01). There were no significant 
differences in survival between the antibiotic treatment 
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TABLE VII 
Survival of Irradiated-Wounded Mice after Topical 

Application of Antibiotics“ * 

Survival 
Antibiotic/product -- 

and manufacturer Mean ± SE (days)1 Fraction 

0.1% gentamicin sulfate/ 

Garamycin cream, Schering 7.71 < 0.57 0/7 

1% silver sulfadiazine/ 

Silvadene cream, Marion 6.13 t 0.55 0/8 

2% mupiroein/ 

Baetroban ointment. Beecham 5.1.3 t 0.23 0/8 

Untreated control 4.38 ±0.18 0/8 

“ Mice were wounded 1 b after 8.0 Gy 7 irradiation. Treatment with 

each topically applied antibiotic commenced 4 h after wounding and was 

applied for 5 consecutive days. In other experimental series not indicated 

here, topical gentamicin increased the mean survival time and resulted in 

an irregular but small number of 30-day survivors. 

In normal nonirradiated mice indicted with wounds, treatment with 

several disinfectants did not alter bacterial colonization of the wound site. 

I he agents tested were 10% povidone-iodine (Pharmadine ointment, Sher¬ 

wood), 0.5% povidone-iodine (Operand aerosol. Redi-Products), and 

0.25% sodium hypochlorite (diluted Dakin’s solution, ( hlorox). Because 

wound colonization by bacteria was not altered by these disinfectants in 

normal mice, they were not evaluated in irradiated mice. 

Topical application of gentamicin sulfate and silver sulfadiazene signifi¬ 

cantly increased (/J < 0.05) the survival of treated mice compared to un¬ 

treated control mice. The mean survival time for gentamicin-treated mice 

ditfered significantly from silver sulfadiazene-treated mice (lJ 0.0213). 

groups ( I’ > 0.05). The enhancement of survival with oxa¬ 
cillin and 0.1% gentamicin sulfate cream may he due to the 
synergistic action between the semisynthetic penicillin and 
the aminoglycoside gentamicin in Staphylococcus aureus 
infections (31). S. aureus was frequently found colonizing 
the wound and disseminating to the liver in irradiated- 
wounded mice (Table VI). 

10 demonstrate the efficacy of S-TDCM treatments with 
combination antibiotic therapies (topical plus systemic), we 
used 0.1% topical gentamicin sulfate in combination with 
systemic gentamicin, oxacillin, ofloxacin, and ceftriaxone 
treatments. In models of lethal exposures to the mixed field 
and to 7 rays followed by skin wound trauma, topical gen¬ 
tamicin and S-TDCM therapy with or without systemic 
gentamicin treatment resulted in approximately 60% sur¬ 
vival (Fig. 8). S-TDCM effectively increased survival (P 
< 0.05) when combined with antibiotic treatments, com¬ 
pared to antibiotic treatments given without S-TDCM. 
Only S-TDCM combined with gentamicin produced 30- 
day survival approximating 50% in both mice exposed to 
the mixed field and those exposed to 7 rays. In this com¬ 
bined-modality treatment series for sepsis in combined-in¬ 
jured mice, 0/20 survived after oxacillin treatment, 3/20 
survived after ceftriaxone injection, and 1/20 survived the 
30-day observation period after ofloxacin application. We 
did not test systemic antibiotics without topical gentamicin 

sulfate in S-TDCM-treated, irradiated-wounded mice or 
the combination gentamicin treatments in mixed-field- 
irradiated-wounded mice (Table VI). 

DISCUSSION 

The data presented above support the idea that it is possi¬ 
ble to treat overwhelming sepsis successfully in a mouse 
model of lethal irradiation and wounding. The success rate 
depends on the microflora colonizing the wound site and 
the susceptibility of the microflora to both systemic and 
topically applied antibiotics. It is significant that, in mice 
exposed to 7 rays and in mice exposed to the mixed field, 
topical antibiotic applications are a prerequisite to achiev¬ 
ing survival with either systemic- antibiotic or S-TDCM 
treatment. Such treatment obviates the earlier mortality 
(compared to untreated irradiated-wounded controls) seen 
in mice given S-TDCM with and without systemic antibi¬ 
otic therapy. Indeed, topical antibiotic therapy alone is ca¬ 
pable of increasing survival time as well as increasing the 
survival from lethal irradiation-wounding events. While 
topically applied antibiotics kill bacteria colonizing the 
wound, it is important to note that application of the cream 
base in which the antibiotic is prepared may enhance mor¬ 
tality. In an experimental series testing the effect of a pla¬ 
cebo cream on irradiated-wounded mice, the survival time 
was 5.7 ± 0.2 days compared to 8.1 ± 0.8 days for untreated 
controls and 11.7 ± 0.4 days for mice treated with cream 

ra 
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FIG. 7. Survival in irradiated mice inflicted with wound trauma after 

combined therapy with topical ().l% gentamicin sulfate and systemic anti¬ 

biotics. C3H/HeN mice were wounded I h after irradiation. Antibiotic 

therapies commenced 4 h alter injury and were provided daily for It) days. 

Groups of 20 mice exposed to the mixed field (H) and groups of 16 mice 

exposed to 7 rays (□) were treated topically with 0.1% gentamicin sulfate 

and systemically (sc) with 150 mg/kg/day oxacillin (OX), 7.5 mg/kg/day 

gentamicin (GE), 40 mg/kg/day ofloxacin (OF), or 75 mg/kg/day ceftriax¬ 

one (CE). Control groups were treated with 0.1 ml sterile TTO plus genta¬ 

micin cream or were given no antibiotic therapy. In mice irradiated in the 

mixed field, all antibiotic treatments were equally effective (/J > 0.05) and 

increased survival (P< 0.05) over H20-treated controls. In this experimen¬ 

tal series, topical gentamicin alone or with systemic oxacillin and gentami¬ 

cin increased survival significantly (P < 0.05) jmpared to all other treat¬ 

ments in 7-irradiated mice, 



THERAPY OF INFECTIONS IN NEUTRON-IRRADIATED MICE S27 

2 100 » 
3 

STDCM Treatment STCCM 

FIG. 8. Survival in irradiated mice inflicted with wound trauma and 
given combined therapy with topical 0.1% gentamicin sulfate and S- 
TDCM. C3H/HeN mice were wounded 1 h after irradiation. S-TDCM 
(200 ug ip) was given immediately after wound trauma. Gentamicin ther¬ 
apy was applied topically and/or given sc 4 h after injury and daily thereaf¬ 
ter for 9 days. Groups of 20 mice exposed to the mixed field (El) and groups 
of 16 mice exposed to y rays (0) were treated as indicated. T : topical0.1% 
gentamicin sulfate; S = systemic 7.5 mg/kg gentamicin sulfate; C - con¬ 
trol. Topical gentamicin with systemic gentamicin was not tested in mice 
exposed to the mixed field. Systemic gentamicin sulfate with S-TDCM hut 
without topical gentamicin was not evaluated in mice exposed to y rays or 
to the mixed field. In mice exposed to either type of radiation, gentamicin 
therapy with S-TDCM and with or without systemic gentamicin therapy 
increased survival significantly (/’ < 0.05), compared to all other treatment 
groups. 

containing 0.1% gentamicin sulfate. All treatment groups 
contained 8-12 mice and were significantly different (P < 
0.05) from each other. In Fig. 7 we show a significant in¬ 
crease in survival for animals treated with topical gentami¬ 
cin and systemic oxacillin. This was not observed when 
irradiated-wounded mice were treated with S-TDCM in 
conjunction with topical gentamicin and systemic oxacillin 
(Fig. 5). These findings point to bacterial resistance to anti¬ 
biotic-based treatments that is presumably related to 
changes in the microflora found in the environment at the 
time of the experiment. 

In this paper, we document for the first time that an im- 
munomodulator (S-TDCM) combined with antibiotics can 

successfully treat a variety of sepsis conditions in mice irra¬ 
diated with a mixed field (n/y = 1 ) and those irradiated with 
60Co y rays. In particular, we demonstrated successful thera¬ 

peutic interventions for disseminated sepsis in both mixed- 
field- and y-irradiated mice inflicted with wound trauma. 
Our findings are significant because of the therapeutic prin¬ 
ciple involved. This principle could be considered for appli¬ 
cation in nuclear disasters where most casualties could re¬ 
ceive multiple injuries. 

Substances such as S-TDCM that enhance nonspecific 
host defenses may be useful in therapy for endogenously 
acquired and exogenously induced bacterial sepsis in hosts 
receiving “simple” injury due to neutron or photon irradia¬ 

tion. S-TDCM alone is effective as an antibacterial treat¬ 
ment; there is a probable synergistic antibacterial activity 
when it is combined with appropriate antibiotics. 

When radiation injury is complicated by wound trauma, 

it may be possible to employ combined-modality therapy to 
achieve survival from disseminating bacterial sepsis. Treat¬ 

ing the wound with effective topical antibiotics seems neces¬ 
sary if S-TDCM (and perhaps related immunomodulators) 

or systemic antibiotics are to enhance survival. 
S-TDCM also enhances hematopoietic recovery in irra¬ 

diated hosts, but no direct link between increased hema¬ 
topoiesis and survival is known. Because of this hematopoi¬ 

etic effect and the capacity to stimulate host defenses 
against a number of microorganisms, it is interesting to con¬ 
sider the potential for using S-TDCM (or similar agents) in 
radiation accidents, such as that at Chernobyl (J2). Success¬ 
ful application of such agents could reduce the clinical 
problems and complications of bone marrow transplanta¬ 
tion in mass casualty situations. 
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Abstract—Nitrosoureas inactivate cellular glutathione reductase. N,'N't,3-bis(trans-4-hydroxycydohexyl)-N'-nitrosoureas 
( BCyNU), a nitrosourea reported to selectively inhibit glutathione reductase ((JR ) activity, was examined to determine if it could 
be used as a means to inhibit cellular levels of this enzyme in radiobiology studies. Confirmation of drug-induced inhibition of 
GR activity was demonstrated using a cell-free model system employing purified GR. Cellular studies with Chinese hamster 
V79A03 showed that BCyNU decreased cellular glutathione content concomitant with an inhibition of specific GR activity. 
Under relatively nontoxic conditions, cellular exposure to BCyNU (25 mM. 0.25 h) either before or after radiation treatment, 
increased cellular radiosensitivity with the optimum time for drug addition being immediately following radiation. Ala BCyNU 
dosage which produced is5% cell toxicity, a marked decrease in radioresistance was characterized as a reduction in both /), (24 
± 1.5%) and /)„ (8 ± 0.5%) concomitant with a 25 ± 2% decrease in cellular glutathione reductase (GR) activity. At cytotoxic 
drug dosages (25 pM. I h; cell survival 79 ± 7%), a marked radiosensitization manifested by a 1.25 ± .07-fold reduction in the /), 
was observed concomitant with a 49 ± 4% decrease in GR activity. Using cells enriched in different stages of the cell cycle, 
BCyNU caused cell-age dependent cytotoxicity with preferential killing of cells in the radioresistant late-S-phase, a likely 
explanation for its radiosensitizing capabilities at high drug dosages. Data obtained at nontoxic drug dosages suggest that 
GR-inactivation may be an important component of cellular response to free-radical induced damage. 

Keywords—Glutathione reductase. Glutathione. Nitrosourea, 

INTRODUCTION 

It is well documented that glutathione (GSH) and re¬ 
dox enzymes can function as modulators of cellular 
responses to free radical-induced damage via radia¬ 
tion exposure.1'5 Previous studies have suggested that 
the maintenance of the cellular reductive environ¬ 
ment, primarily measured as the ratio of GSH to gluta¬ 
thione disulfide (GSSG), is an important determinant 
of intrinsic cellular radioresistance.6'7 A key enzyme 
in the maintenance of the GSH/GSSG ratio is gluta¬ 
thione reductase (GR) which catalyzes the conversion 
of GSSG to GSH;8 there is little data however, con¬ 
cerning the importance of this enzyme in cellular resis¬ 
tance to radiation or chemical exposure. Research ef¬ 
forts in radiobiological studies have primarily focused 
on the reduction of endogenous GSH as a means to 
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increase cellular radiation sensitivity.2’4’5'6 While these 

studies, under certain experimental conditions, sup¬ 
port a mechanistic relationship between cellular GSH 
content and radioresponse, the significance of the en¬ 

zymes involved in the maintenance of a reductive cel¬ 
lular environment has not been fully addressed. 

The use of inhibitors of GR activity is one ap¬ 
proach to examine the role of this enzyme in cellular 

resistance to free-radical induced stress. Previous in¬ 
vestigations of nitrosourea-radiation interactions 
have involved the use of nitrosoureas (i.e., l,3-bis(2- 
chloroethyl)-!-nitrosourea BCNU) that physiologi¬ 

cally decompose to yield two types of electrophilic 
intermediates, an alkylating and a carbamoylating 
moiety.9’10'11 These intermediates can be, respectively, 
alkylate or carbamoylate nucleophilic targets.12 The 
alkylating moiety reacts with DNA, causing the pro¬ 

duction of DNA-DNA and protein-DNA crosslinks13 
while the carbamoylating moiety is responsible for 
GR inactivation. The relatively specific action of car- 

53 
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OH N = 0 H OH 

BCyNU 
Fig. I. Structure of BCyNU. 

bamoylating nitrosourea on GR activity is substan¬ 
tiated by the observation that twenty other cytoplas¬ 
mic enzymes were unaffected by BCNU.14 

Alternatively, N,N' 1,3 bis(trans-4-hydroxycyclo- 
hexyl)-N'-nitrosourea (BCyNU), an analog of BCNU, 
has also been reported to be an inhibitor ofGR activ¬ 
ity, yet without any concomitant induction of DNA 
strand breaks associated with nitrosoureas previously 
used in oxidative stress studies.1015 This drug, shown 
in Fig. 1, was reported to have no effect on alkaline 
phosphatase, serum glutamic pyruvic transaminase, 
and glutathione peroxidase (GPx).15 BCyNU pos¬ 
sesses negligible alkylating activity, forming a carba- 
moylating isocyanate which specifically carbamoyl- 
ates the sulphydryl moiety of the 43rd amino acid in 
the active site of cellular GR, resulting in a decrease in 
enzyme activity.16 The use of BCyNU may provide 
the most relatively specific inhibitor of GR activity 
available. Additionally, the use of BCyNU to inhibit 
GR activity is reportedly more advantageous than the 
use of BCNU based on BCyNU’s higher water solubil¬ 
ity and reduced cytotoxicity.1015 

In this paper we have attempted to focus on the 
relationship of GR specific activity and radiation sen¬ 
sitivity using a carbamoylating nitrosourea to inhibit 
GR specific activity and to determine the most effec¬ 
tive sequence of time of drug exposure and radiation 
exposure. Additionally, although drug concentrations 
were used in previous nitrosourea-radiation studies 
resulting in significant cell killing, a possible nitro¬ 
sourea-induced cell killing of a radioresistant fraction 
of the cell population was not addressed.10 Using a cell 
free model system and cell cycle studies, data was ob¬ 
tained which addresses the relevance of using a carba¬ 
moylating nitrosourea to study the role ofGR specific 
activity in cellular radiation response. Most impor¬ 
tantly, this paper examines drug-induced radiosensiti¬ 
vity at nontoxic doses concomitant with GR inactiva¬ 
tion. 

MATERIALS AND METHODS 

All reagents were obtained from Sigma Chemical 
Co., St. Louis, MO, unless otherwise noted. BCyNU 

was generously provided by Dr. Kenneth Tew, (Fox 
Chase Cancer Institute. Philadelphia, PA). BCyNU 
was dissolved in 70% ethanol immediately prior to 
treatment and is 99% pure. The abbreviation, 
BCyNU, has been previously used by others to desig¬ 
nate the nitrosourea, 1,3-biscyclohexyl-l-nitrosourea 
(ref. 10), which is a different nitrosourea from the one 
used in this report. We used l,3-bis(hydroxycyclo- 
hexyl-nitrosourea) abbreviated as BCyNU in this 
study to conform to the abbreviation suggested by 
others.15 

The Chinese hamster V79A03 cell line used in 
these experiments was previously characterized.17 

Cells were maintained as monolayers in tissue culture 
flasks (Corning, Corning, NY) in «-minimum essen¬ 
tial medium («-MFM) supplemented with 10% fetal 
bovine serum (FBS), approximately 1.75 mM L-glu- 
tamine, and 25 mM HEPES buffer. All media con¬ 
tained antibiotics and a fungicide. The cultures were 
maintained at 37°C in a humidified 3% C02 and 97% 
air gassing environment. The population doubling 
time was approximately 9.5-10 h. Non-drug treated 
plating efficiencies ranged from 88%-99%. Exponen¬ 
tially growing cells in complete medium were used in 
all experiments except for the designated cell 
synchrony experiments. 

For all drug exposures, exponentially growing cells 
(102 to 4 X 105) in a monolayer were exposed to 
BCyNU concentrations ranging from 10-100 ¿/M. 
BCyNU was added to the complete medium for 
various times ranging from 15 min to 24 h. Following 
drug exposure, the medium was aspirated from the 
plates and the cells were rinsed twice with Dulbecco’s 
phosphate buffered saline (PBS) containing 0.54 mM 
Na.-EDTA. In the cell cycle studies, designated ali¬ 
quots of cells collected via élutriation, were exposed 
to BCyNU ( 10, 50 or 150 /¿M) in suspension for 1 h at 
room temperature immediately following collection. 

The enzyme assays were performed with both cell 
extracts and reagent enzymes (i.e., GR, catalase, GSH 
peroxidase (GPx), superoxide dismutase (SOD), and 
7 glutamyl transferase (7-GT) in some cases. 

Cells were prepared for GSH, enzyme, and protein 
assays as follows: Typically, 1 X 107 cells were col¬ 
lected from 25 100-mm petri dishes; each was main¬ 
tained at a designated low cell density (3.5 X 105 cells/ 
dish), using the trypsinization technique. The cells 
were washed with PBS, concentrated into microcen¬ 
trifuge tubes, and stored in PBS at -40°C. Immedi¬ 
ately before analysis, the samples were thawed and 
digitonin was added to a final concentration of 2.5 
mg/ml. After vortexing, the cellular debris was pel¬ 
leted by centrifugation. The supernatant was trans¬ 
ferred to another microcentrifuge tube and main- 
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tained at 4°C for enzyme activity and protein 
analysis. 

GR specific activity was determined using the 
method of Mize and Langdau18 by monitoring the 
oxidation of NADPH at 340 nm. The reaction mix¬ 
ture contained 0.2 M KCl, 1 mM EDTA, and 1 mM 
oxidized GSH in 0.1 M potassium phosphate buffer, 
pH 7.0. The reaction was initiated by the addition of 
NADPH (final concentration, 0.1 mM). One unit of 
GR oxidizes 1 nmol of NADPH per minute at 
25°C.18 Cellular GSH content was determined using 
the method of Griffith as described elsewhere.15 

Catalase activity was determined by using the 
method of Beers and Sizer'1' which is based on follow¬ 
ing the reduction of hydrogen peroxide at 240 nm at 
25°C. One unit of catalase activity will decompose 1 
fiinol of H A Per minute at 25°C (pH 7.0).19 

GPx activity was determined by using a modified 
Ellman’s procedure.2" The reaction of 0.1 mM GSH 
0.1 with 0.2 mM dithiobisnitrobenzoic acid (DTNB) 
was monitored at 412 nm. Sodium azide ( 1 mM) was 
added to inhibit the activity of catalase. 

The 7-glutamyl transferase activity assay is based 
on the kinetic method of Szasz in which y-glutamyl 
p-nitroanilide and glycylglycine are used as donor and 
acceptor substrates, respectively.21 The kinetic deter¬ 
mination of 7-GT activity is made at 405 nm. One 
unit of 7-GT activity is defined as the amount of en¬ 
zyme that will catalyze the formation of one jumol of 
p-nitroaniline per minute under the conditions of the 
assay. 

The method of Markhmd et al. was used to deter¬ 
mine SOD activity.22 One unit of SOD activity will 
cause a 50% inhibition in the reduction of ferricy- 
tochrome < by superoxide generated by a xanthine/ 
xanthine oxidase system at 25°C and pH 7.8. 

Cellular protein content was determined by the 
Coomassie brilliant blue dye binding method23 using 
BioRad’s standard protein reagents (BioRad, Rich¬ 
mond. CA). Bovine 7-globulin was used as the stan¬ 
dard. 

In both cell-free and cellular biochemical assays, 
data represent the mean ± standard error from two to 
nine experiments with a total of 3 samples per point 
per experiment. Statistical significance was deter¬ 
mined using the Kruskal-Wallis test which is a non- 
parametric oneway analysis of variance.24 

For radiation exposures, the media was aspirated 
and cells in a monolayer were irradiated with X-rays 
delivered by a 50-kVp irradiator using a tungsten tar¬ 
get, and attenuated with a 0.012-mm A1 filter at a dose 
rate of 19.0 Gy/min.25 Following irradiation, cells 
were returned to the incubator for 7 days to allow for 
colony formation. 

Cell survival was determined using the standard 
clonogenic cell survival assay. Briefly, colonies were 
washed with 0.9% saline, fixed with methanol, and 
stained with crystal violet. Colonies of 2:100 cells were 
counted to assess survival. Cell survival data, includ¬ 
ing those not shown, are presented as the mean 
± standard error from two to fifteen experiments with 
three plates per point per experiment unless otherwise 
noted in the figure legends. 

The X-ray dose response survival data were ana¬ 
lyzed using a cell survival analysis computer pro¬ 
gram.26 The survival data were fitted to a repair satura¬ 
tion model (Eq. I ) from which the radiation sensitiv¬ 
ity parameters (i.e., Dq, D0, and extrapolation 
number [«]) were determined. In Eq. ( 1), D = dose; S 
= survival; « and q are fitted parameters; c represents 
the plating efficiency. Statistical significance was de¬ 
termined using a /-test. 

S = cn/((n - 1) + e,D)) (1) 

Cells enriched in different stages of the cell cycle 
were selected for experimental use by the centrifugal 
élutriation method.27 This synchrony method relies 
on the increase in buoyant density that occurs as cells 
progress through the cell cycle. Separations were ob¬ 
tained by varying the flow rate as described by Meist- 
rich.27 The procedure involved use of a centrifuge 
(model J-2IC fitted with a model JE-6 elutriator ro¬ 
tor; Beckman Instruments, Palo Alto, CA) operated 
at a constant rotor speed of 1,700 rpm. Approxi¬ 
mately 1 X 108 cells in 10 ml of media, were intro¬ 
duced into the élutriation chamber at a flow rate of 
approximately 9^ 12 ml per min. The cells were sepa¬ 
rated by increasing the flow rate of medium (a-MEM 
containing 5% PBS and DNase, 20 Mg/ml) through 
the centrifuge chamber in an incremental manner 
from 9-55 ml per min at room temperature. The 12- 
13 fractions collected in sterile culture tubes were 
placed immediately on ice and cell cycle parameter 
analysis were then performed. 

Mitotic and labeling index assays were performed 
on cells obtained from the centrifugal élutriation pro¬ 
tocol to characterize their enrichment in various 
stages of the cell cycle.28 Typically, these cells were 
pretreated with 0.1 mM of bromodeoxyuridine 
(BrdlJrd) and 0.01 mM of lluorodeoxyuridine 
(FdUrd) for 20 min immediately before collection by 
the élutriation procedure described earlier. Following 
the élutriation procedure, an aliquot of each of the 
12-13 fractions was counted and evaluated using a 
particle counter (Coulter Diagnostics, Hialeah, FL). 
Coulter volume data are presented as mean coulter 
channel number. Aliquots for mitotic and labeling in- 
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Fïg. 2. Effect of BCyNU on the activity of various purified enzymes. 
In a cell free model system the effect of BCyNU exposure on cata¬ 
lase, SOD, y-GT, GPx, and GR specific activity was examined. 
Parameters of this cell-free model system are specified in the Meth¬ 
ods section. Relative absorbance was determined as follows: Equal 
units of each enzyme examined were used at each drug dose. Rela¬ 
tive enzyme activity is a ratio of the units measured at each drug 
dose per units measured without drug addition. The control value 
would be I under these conditions. Points reprev.nt the mean ± 
S.E. of two to four experiments with three samples/point. O, cata¬ 
lase. ■. SOD; A. y GT; □, GPx; and • GR. In some cases the 
symbols overlap such that some are not visible. 

dices measurements were prepared as follows. Cells 
were washed with phosphate buffer solution (PBS), 
fixed with a solution of methanol and glacial acetic 
acid (3:1) containing 0.2% sodium citrate (weight/ 
volume), and attached onto slides using a slow speed 
cytospin centrifuge (Shandon, Pittsburgh, PA). The 
cells on the slides were then dehydrated with 95% eth¬ 
anol. All samples were treated with PBS containing 
heat-denatured (i.e., 90°C for 20 min) ribonudease-B 
(1.0 mg/ml) for 5-10 min. Staining for the mitotic 
assay involved a 5 min exposure to PBS containing 1 
Mg/ml propidium iodide. The indirect immunofluo¬ 
rescence staining procedure was used to identify 
the fraction of cells that incorporated BrdUrd into 
their DNA.28 

RESULTS 

In an effort to address the specificity of the 
BCyNU-isoeyanate induced inhibition of GR activ¬ 
ity, the effect of BCyNU on the activity of several 
commercially available enzymes was examined. As 
illustrated in Fig. 2, the data show that a BCyNU-con- 
centration-dcpendent inhibition of GR activity oc¬ 
curred without a concomitant effect on catalase, GPx, 
and SOD activities. While there is a suggestion of a 
slight effect on y-GT activity, statistical analysis 
showed that BCyNU exposure did not have a signifi¬ 
cant effect on y-GT specific activity. These data con¬ 

firm the previously reported relative selectivity of 
BCyNU-induced inhibition of GR activity compared 
to the activity of these other enzymes.14,15 

It was necessary to determine to what extent 
BCyNU exposure may also indirectly affect cellular 
GSH content. Figure 3A shows that a 1 h exposure to 
BCyNU resulted in a significant decrease in GR spe¬ 
cific activity concomitant with a decrease in cellular 
GSH levels. Cellular exposure to progressively in¬ 
creasing concentrations of BCyNU for 1 h caused a 
depletion of GSH content. Following cessation of 
BCyNU treatment, the GSH content started to re¬ 
cover and had returned to control level at 24 h (Data 
not shown). The time course of drug-induced deple¬ 
tion of GR specific activity and GSH levels following 
continuous exposure to 25 gM BCyNU is illustrated 
in Fig. 3B. The initial reduction of GSH content is 
followed by a slight recovery of GSH levels within 24 
h. It is unclear as to whether this GSH decrease is due 
to the decrease in GR specific activity affecting the 
y-glutamyl cycle or a possible direct reaction of GSH 
with the BCyNU-isoeyanate. 

Modification of radiation sensitivity by BCyNU- 
induced GR specific activity inhibition was assessed 
by examining the influence of BCyNU exposure on 
radiation survival curves. Cells were treated with 25 
mM BCyNU for 1 h immediately before (pre) or after 
(post) radiation exposure. Figure 4A demonstrates 
that at this drug concentration, BCyNU typically 
caused approximately a 21 ±2% decrease in cell sur¬ 
vival. The inset figure shows the same data normal¬ 
ized for drug-induced cytotoxicity. In this figure, the 
effect of GR specific activity inhibition on the radia¬ 
tion response clearly illustrates a drug-induced radio¬ 
sensitization. BCyNU-induced radiosensitization was 
manifested as both a 26 ± 1%p reduction in the Dq (Dq 
CTL = 3.85 ± 0.026, Dq BCyNU(pre) = 2.85 ± 0.02, 
and Dq BCyNU(post) = 3.01 ± 0.06) and a 25 ± 1% 
reduction in the D0(D0 CTL = 1.45 ± 0.05, /)„ Pre & 
Post = 1.10 ± 0.09). Under these conditions GR spe¬ 
cific activity was decreased by 49 ± 7%, associated 
with a 22 ± 6% decrease in cellular GSH content. 
Since cellular exposure to BCyNU either before or 
after radiation resulted in radiosensitization, addi¬ 
tional studies were warranted regarding the time 
frame of drug exposure relative to irradiation. 

In 15 experiments under conditions of negligible 
toxicity (surviving fraction > 91 ± 4%), BCyNU expo¬ 
sure (25 mM, 15 min) sensitized cells to a 6 Gy dose of 
ionizing radiation (Figure 4B) resulting in a 2- to 5- 
fold decrease in cell survival. This drug-induced radia¬ 
tion modification was observed whether the cultures 
were exposed to drug before or after radiation treat¬ 
ment (p < 0.05 under all treatment conditions). The 
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Fig. 3(A). Effect of BCyNU exposure ( 1 h) on GSH content and GR specific activity in V79 cells. GR specific activity was 
monitored via the consumption of NADPH, measured spectrophotometrically at 340 nm. GSH was measured by the method of 
I ietze. Points represent the mean ± S.E. of three samples/point from three to six experiments. Curves are identified as follows: 
•, GR specific activity; and a. GSH content nm/mg protein. 
I ig. 3(B). Effect of 25 BCyNU exposure on GR specific activity and GSH content. Measurements made as described above. 
Points represent the mean ± S.E. of three samples/point from two to three experiments; •. GR specific activity; a, GSH content 
nm/mg protein. 

greatest radiosensitization occurred when cells were 
exposed to BCyNU immediately after radiation treat¬ 
ment resulting in a fivefold-increase (/> < 0.05) in cell 
killing by radiation. The magnitude of radiosensitiza¬ 
tion by BCyNU exposure is reduced if drug adminis¬ 
tration relative to radiation treatment is delayed 2 h. 
However, cellular exposure to BCyNU even at 1 or 2 
h before or after radiation, still results in a twofold-in¬ 
crease in radiation-induced cell killing (/> < 0.05). In 

subsequent experiments we chose to examine the ef¬ 
fects of cellular BCyNU exposure after radiation 
treatment. In these experiments however, the marked 
radiosensitization associated with a 24 ± 5% (figure 
2B) decrease in GR specific activity and a 7 ± 3% 
depletion of GSH (figure 2B), was concomitant with a 
12 ± 2% decrease in cell survival due to BCyNU expo¬ 
sure alone. 

Although GR specific activity inhibition via 

BCyNU exposure (min) 

f ig. 4(A). Effect of cytotoxic BCyNU treatment on the radiosensitivity of V79A03 cells. Approximately equal numbers of 
exponentially growing cells were treated with BCyNU (25 I h) and radiation (0-12 Gy) and then plated for colony 
formation. O control, no drug; □, BCyNU exposure before radiation treatment; •, BCyNU exposure after radiation treatment. 
Data have not been normalized for BCyNU-induced cell killing. In the inset chart, the data have been normalized for the 
BCyNU-induced cell killing. Data are representative of two experiments with four replicates/point. 
fig. 4(B). Modification of radiation sensitivity by BCyNU: Time of drug exposure relative to radiation. Cells were exposed to 
BCyNU (25 nM. 15 min) at varying times either before or after radiation (Solid circles). Solid squares represent cells exposed to 
radiation but with no drug treatment. Data have been normalized for BCyNU-induced killing. Data represent the mean ± S.E. 
from five to fifteen experiments with three samples/point. 
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Fraction of Cells Killed 

Fig. 5. Relationship between glutathione reductase specific activity, 
radiation sensitivity, and the fraction of cells killed following expo¬ 
sure of V79A03 cells to BCyNU. The /), measurement was ob¬ 
tained from dose-response survival curves in which the OR specific 
activity had been inhibited by BCyNU. The symbols at the zero 
point represent the control samples. 

BCyNU exposure resulted in cellular radiosensitiza¬ 
tion, factors such as drug cytotoxicity and concomi¬ 
tant GSH depletion restrict a complete evaluation of 
BCyNU as a useful drug to examine the relationship 
between GR activity and radioresistance. 

To determine to what extent the radiosensitization 
could be correlated with GR specific activity with re¬ 
gard to the magnitude of the drug-induced cell killing, 
a range of BCyNU concentrations was used in addi¬ 
tional radiation dose-response survival studies. These 
dose-response survival data are not shown, however. 
Fig. 5 illustrates both the pattern of GR specific activ¬ 
ity (left axis) and the shoulder parameter data (right 
axis) obtained from these curves relative to the drug- 
induced cell killing (x axis). BCyNU concentrations 
of 10, 25, 50, 75, and 100 juM were used, which re¬ 
sulted in a reduction of cell survival to levels of 96 
± 5%, 79 ± 4.5%, 72 ± 6%, 64 ± 4%, and 59 ± 5% of 
control, respectively. The shoulder of the radiation 
survival curve were both significantly reduced in 
three to nine experiments using these BCyNU con¬ 
centrations. While these data demonstrate a correla¬ 
tion with reduction in cellular GR specific activity by 
/)^8, the fact that a significant percentage (21 -41 %) of 
the cells are also killed by drug treatment alone makes 
it difficult to assess the relationship between GR spe¬ 
cific activity and cellular radioresponse. F-'or example, 
drug-induced cell killing of a radioresistant fraction of 
the cell population is one possibility that could ex¬ 
plain the ability of BCyNU to radiosensitize cells in 
cases where drug cytotoxicity was significant.29 

Previously reported data demonstrating that nitro¬ 
soureas including BCyNU are radiosensitizers at toxic 
drug dosages (cell killing by drug 50-70%), suggest 

that a cell age-dependent killing could be involved.10 
§ Since it is possible that the fraction of cells killed by 
c/, BCyNU exposure was radioresistant, cell cycle studies 
|ij were initiated. Cells enriched in difierent stages of the 
g" cell cycle were exposed to 10, 50, or 150 /uM BCyNU 
> for I h prior to radiation exposure. Cell age-depen- 
f dent BCyNU cytotoxicity was demonstrated as 

■< shown in Fig. 6A. A t high drug dosages, cells enriched 
^ in mid-S phase were most drug-resistant while cells 

enriched in late S-phase were most sensitive to 
BCyNU exposure. The cell cycle parameter evalua¬ 
tion (figure 6B) was constructed from an analysis of 
cell number per fraction, mean coulter number per 
fraction, labeling index, and mitotic index to monitor 
the enrichment of the cell fractions via the élutriation. 

Additional experiments were designed to avoid 
two major problems associated with using nitroso¬ 
ureas to investigate GR specific activity and radiation 
response, i.e., cell age dependent-cytotoxicity and pos¬ 
sible direct or indirect GSH depletion by drug expo¬ 
sure; therefore: (a) the drug concentration used re¬ 
sulted in negligible drug toxicity; and (b) there was no 
significant decrease in the GSH content under these 
conditions. Figure 7 shows that BCyNU (10 ^M, 1 h) 
exposure following radiation resulted in a significant 
radiosensitization primarily characterized by a de¬ 
crease in the survival curve shoulder and a slight de¬ 
crease in the D0. The shoulder of the survival curve as 
measured by the /),,(3.85 ± 0.17 Gy; for controls) was 
reduced (2.94 ± 0.25 Gy; for drug treated) (/) < 0.05). 
The D0 was reduced from 1.41 ± 0.05 (controls) to 
1.31 ± 0.04 (drug treated). Therefore, under condi¬ 
tions of negligible toxicity and GSH modulation, 
BCyNU exposure results in a marked decrease in ra¬ 
dioresistance manifested as a .91 ± 0.09 Gy decrease 
in the survival curve shoulder concomitant with a 25 
± 3% decrease in cellular GR activity. 

DISCUSSION 

The cellular reductive capacity is controlled to a 
large extent by several key enzymes which maintain 
cellular levels of GSH.6'8 The particular importance 
of One of these enzymes, GR, in DNA damage repair 
and in cellular radioprotection is not fully under¬ 
stood. Since nitrosoureas have been reported to in¬ 
hibit cellular GR specific activity,9'11'14 '5 30,31’32 it was 
the purpose of this study to determine whether a par¬ 
ticular nitrosourea, BCyNU, could be used as an ef¬ 
fective inhibitor of cellular GR specific activity and to 
assess the optimal experimental conditions needed to 
minimize problematic and artifactual results. Prior 
studies addressing nitrosourea-radiation interactions 
have focused primarily on (a) the role of alkylating 
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Fig, 6. Top panel: Effect of cell cycle on BCyNU-induced cell kill¬ 
ing. Cells enriched in various phases of the cell cycle were exposed 
to BCyNU ( 10. 50, 150>iM) for I h at room temperature. ■. 10 aM; 
•, 50 nM; a. 150#iM. These data are representative of three experi¬ 
ments with three to five plates/point. Lower panel: Ce\\ cycle param¬ 
eters. A sample of cells from each fraction collected from the elu- 
triator was analyzed to determine cell number, mean coulter chan¬ 
nel number, percent labeled mitosis, and labeling index. 

nitrosoureas and radiation response; (b) the use of 
toxic doses of nitrosourea resulting in a 40-50% kill¬ 
ing of the cell population; and (c) did not report any 
resultant effects on GSH content.10'31'36 This report 

presents data concerning the nitrosourea-radiation 
interaction using a nonalkylating carbamoylating ni¬ 
trosourea not previously used in reported radiation 
synergism studies with toxic nitrosourea dosages, and 
addresses the question of drug-induced cell cycle ef¬ 
fects. Additionally, this report considers the possible 
contribution of GSH depletion via the inhibition of 
GR activity. 

In general, nitrosoureas metabolize to form the 
electrophilic intern .diates, alkylating carbonium 
ions and carbamoylating isocyanates, both of which 
can react with nucleophilic intracellular sites."1215 
The physiological degradation of BCyNU docs not 
result in the formation of the chloroethyl carbonium 
ion which is the alkylating moiety formed by degrada¬ 
tion of most nitrosoureas.30 Hence this drug has been 
suggested to be an effective means of inhibiting GR 
activity because it carbamoylates the active site of 
GR16 yet possesses negligible alkylating activity typi¬ 
cally found in many nitrosoureas, including those 
used in previous studies addressing nitrosourea-radia¬ 
tion interactions.10'11-33'35 

Using a cell-free model system, the results pre¬ 
sented here confirmed the drug-induced inactivation 
of GR specific activity by the isocyanate formed dur¬ 
ing the physiological degradation of BCyNU. The re¬ 
activity of nitrosoureas and isocyanates for GR has 
previously been demonstrated by both in vivo results 
which showed that only GR was inactivated from 
among 20 erythrocyte enzymes assayed by treatment 
with BCNU and in vitro results of others.1415 Our re¬ 
sults, showing that BCyNU at the concentrations 
tested had no effect on GPx, SOD, y-GT or catalase 
activity, support the idea that BCyNU may provide a 
relatively specific means to inhibit GR specific activ- 

Fig. 7. Effect of nontoxic BCyNU treatment on the radiosensitivity 
of V79A03 cells. Cells were treated with a nontoxic dose of BCyNU 
(10 jiM, I h) after radiation. Cellular GR activity levels were mea¬ 
sured following exposure of V79A03 cells to BCyNU. No drug 
treatment, (O); BCyNU treatment (•) resulted in a 25% inhibition 
of GR activity. 
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ity, based on these enzyme targets. However, since the 
isocyanate has the potential to react with other cellu¬ 
lar targets, the specificity of BCyNU is only relative to 
those enzyme targets determined to be unaffected by 
it. Previous in vivo reports have shown that at a nitro¬ 
sourea concentration of 100 Mg/ml. other cellular en¬ 
zymes were slightly affected by nitrosourea expo¬ 
sure.11 A BCyNU-induced depletion of cellular GSH 
content was observed in other studies15 which was at¬ 
tributed to a change in the 7-glutamyl cycle and the 
GSH/GSSG ratio’ however, GSH could be another 
cellular target of the BCyNU-isocyanate and that 
could partially explain a reduction in GSH levels. 

The data presented here agree with previously re¬ 
ported studies which showed that the nitrosourea-in¬ 
duced radiosensitization was manifested primarily as 
a decrease in the shoulder or D(¡ and to a lesser degree 
in the A, (ref. 33). In addition, we show that BCyNU 
treatment, whether before or after radiation exposure 
are both effective treatment protocol schedules to in¬ 
duce radiosensitization. The magnitude of radiosensi¬ 
tization was greatest when BCyNU was given immedi¬ 
ately following radiation exposure confirming a dis¬ 
tinct interaction effect between the effects of drug 
exposure and the radiation injury. The data presented 
here demonstrating that both nontoxic and toxic dos¬ 
ages of BCyNU radiosensitize V79 cells are consistent 
with similar findings in a previous report with a toxic- 
dose of a structurally similar nitrosourea.10 While our 
findings with BCyNU are in agreement with previous 
investigations demonstrating that some nitrosoureas 
are radiosensitizers, drug dosages used in those studies 
caused between 30 and 54% cell killing and the possi¬ 
ble involvement of modification of the cellular oxida¬ 
tion-reduction potential by the drug was not dis¬ 
cussed.1011-1516 It was suggested that this radiation 
synergism was related to the reported ability of a car- 
bamoylating nitrosourea to decrease the rate of repair 
of DNA damage.10 While this is a possible explana¬ 
tion. selective killing by nitrosoureas of a radioresis¬ 
tant fraction of the cell population could also partially 
explain data showing that carbamoylating nitroso¬ 
ureas at toxic drug doses are radiosynergists.29 

The data indeed demonstrate that there is a cell 
cycle-dependent BCyNU cytotoxicity, with the great¬ 
est cell killing by drug occurring for cells in the mid to 
late S-phase with moderate cell killing for G|-cells. 
Sinclair and Morton have shown that cells in mid- to 
late S-phase are the most radioresistant compared 
with other phases of the cell cycle.29 Early S-phase 
cells are least sensitive to BCyNU exposure, and are 
more radiosensitive than the later S-phase cells. 
Others have shown that alkylating nitrosoureas cause 
a cell cycle-dependent drug toxicity with the maxi¬ 

mum cytotoxicity seen in late Gr and mid S- 
phase.31'36 Since those previous studies and the data 
presented here indicate that preferential cell cycle kill¬ 
ing is characteristic of some nitrosoureas, it would be 
necessary to consider this factor in a discussion of the 
mechanism of radiation-nitrosourea interaction. 
While this cell cycle-dependent killing can be ex¬ 
ploited to benefit clinical use of nitrosoureas and radi¬ 
ation, a decrease in the most radioresistant fraction in 
the cell population must be considered as a possible 
explanation for the increase in cellular radiosensiti¬ 
vity seen in studies addressing nitrosourea-radiation 
interaction mechanisms. Indeed, the ability of 
BCyNU exposure to selectively kill a radioresistant 
subpopulation of cells suggests that it might be an at¬ 
tractive candidate for combined chemo and radiation 
therapy and could be used as a radiation synergist, 
like heat or thiol depletion, to enhance radiation ther¬ 
apy.17-19 

Alternatively, enhancement of cellular radiation 
response in our studies could in part result from a 
modification of cellular GSH levels prior to radiation 
exposure via the inhibition of GR specific activity. 
GR specific activity is a fundamental part ofthe main¬ 
tenance of normal cellular oxidation-reduction po¬ 
tential and may play a key role in cellular response to 
free radical induced damage.1 Our data and results 
from Tew15 showed that GR activity inhibition by 
certain BCyNU dosages results in a reduction in cellu¬ 
lar GSH levels to approximately 25% of control 
within I h of BCyNU exposure. Although GSH deple¬ 
tion can increase radiosensitivity, the magnitude of 
GSH depletion needed to achieve this increase radia¬ 
tion, exceeds that magnitude of GSH depletion ob¬ 
tained via those BCyNU treatments that inactivate 
GR concomitant with GSH depletion.2-4'7 While it 
has been demonstrated that GSH depletion can en¬ 
hance the lifetime of oxygen-reactive radicals in 
mammalian cells, a further study showed that the radi¬ 
ation-induced free radicals are no longer present after 
I second;40 therefore, the radiation sensitizing effect 
of BCyNU observed in cells treated with this drug 
after radiation exposure, is probably not due to GSH 
free radical scavenging capabilities. Since others have 
demonstrated that GSH and antioxidant enzymes are 
important effectors of oxidative DNA damage re¬ 
pair,41-42 it appears likely that the radiation sensitizing 
effect of BCyNU may be due to an enhanced radia¬ 
tion-induced damage repair. 

Using nontoxic doses of BCyNU that did not con¬ 
comitantly decrease cellular GSH content, we at¬ 
tempted to address the question of GR inactivation 
and the resultant modification in radiation response. 
Under these experimental conditions, BCyNU cell- 
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cycle dependent cytotoxicity and/or GSH depletion 
were unlikely to influence the results. The data sug¬ 
gest that the 25 ± 2% decrease in GR specific activity 
is directly related to the increase in radiation sensitiv¬ 
ity. A rapid drug-induced alteration in the cellular re¬ 
dox-status via inhibition of GR specific activity would 
be expected to have a profound disruption on many 
biochemical processes and cellular components. It 
has been suggested that a shift in the GSH/GSSG ratio 
can delay oxidative damage repair7 and that a change 
in the ratio may inactivate other enzymes catalyzed 
by thioltransferases43 such as adenylate cyclase and 
phosphofructokinase. A significant change in the cel¬ 
lular metabolic state can affect radiation response.44 
Other thiol-requiring enzymes that could affect radia¬ 
tion-induced damage repair include DNA polymer¬ 
ase a and ribonucleotide reductase.45,46 Additionally, 
protein synthesis is affected by a change in GSH/ 
GSSG.4’ 

BCyNU is an effective radiosensitizer in vitro at 
both toxic and nontoxic doses causing an inactivation 
of GR. In the case of the former, the mechanism may 
involve a BCyNU-induced cell cycle killing of radio¬ 
resistant cells; at nontoxic doses, BCyNU signifi¬ 
cantly decreases GR specific activity altering the in¬ 
tracellular redox state that has been shown to be im¬ 
portant in cellular radioresponse possibly via the 
inhibition of some cellular process involved in repair 
of the radiation-induced lesions.3’-45 While the 
BCyNU-induced inhibition of specific GR activity 
suggests that the increase in cellular radiosensitivity 
may be due to inhibition of that enzyme activity, it 
may not be the most significant or only component of 
the BCyNU-induced radiosensitization. It is possible 
that the BCyNU-derived isocyanate may be reacting 
with alternative cellular targets (i.e., DNA repair en¬ 
zymes, membrane receptors with -SH endgroups) 
which in a stressed cellular redox status, caused by a 
concomitant GSH depletion, ultimately affect cellu¬ 
lar response to free radical-induced damage. While 
additional studies are necessary, the data indicate that 
this drug may provide a useful tool to investigate the 
role of GR specific activity in cellular radiosensitivity. 
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ABBREVIATIONS 

GR—glutathione reductase 
GSH—glutathione 
BCyNIJ — N,N' 1,3 - bis(trans - 4 - hydroxycyclohexyl)- 

N'-nitrosourea 
CCNU— I -(2-chloroethyl)-3-cyclohcxyl-1-nitro¬ 

sourea 
BCNU—l,3-bis(2-chloroethyl)-1-nitrosourea 
GSSG—glutathione disulfide 
o MEM—alpha-minimum essential media 
FBS—fetal bovine serum 
BSA—bovine serum albumin 
SOD—superoxide dismutase 
GPx—glutathione peroxidase 
7-GT—gamma glutamyl transferase 
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ABSTRACT 

We demonstrated that glucan, a beta-1,3 polysaccharide immunomodulator, enhances survival of mice when 
administered before radiation exposure. Glucan’s prophylactic survival-enhancing effects are mediated by several 
mechanisms including (1) increasing macrophage-mediated resistance to potentially lethal postirradiation 
opportunistic infections, (2) increasing the DQ of hematopoietic progenitor cells, and (3) accelerating 
hematopoietic reconstitution. In addition, even when administered shortly after some otherwise lethal doses of 
radiation, glucan increases survival. Glucan’s therapeutic survival-enhancing effects are also mediated through its 
ability to enhance macrophage function and to accelerate hematopoietic reconstitution; glucan’s therapeutic 
potential, however, is ultimately dependent on the survival of a critical number of hematopoietic stem cells 
capable of responding to glucan’s stimulatory effects. Preirradiation administration of the traditional aminothiol 
radioprotectants WR-2721 and WR-3689 has been previously demonstrated to be an extremely effective means to 
increase hematopoietic stem cell survival. Therapeutic glucan treatment administered in combination with 
preirradiation WR-2721 or WR-3689 treatment synergistically increases both hematopoietic reconstitution and 
survival. Such combined modality treatments offer new promise in treating acute radiation injury. 

INTRODUCTION 

As manned spaceflight becomes more frequent and mission durations increase, the likelihood that astronauts may 
be acutely exposed to higher-than-anticipated radiation doses with little or no warning also increases. Solar flares, 
in particular, could acutely (within minutes or days) expose astronauts to radiation doses sufficient to produce a 
risk of lethality /1 -3/. If such events are sufficiently predictable, it may be possible for astronauts on near-earth 
missions to return to earth and to avoid exposure; in circumstances involving deep-space missions, however, this 
maneuver will not be possible. In addition, truly unpredictable exposures may occur. 

In light of these possible radiation exposures, and given the restraints of employing physical shielding in space, 
pharmaceutical agents capable of preventing the biological consequences of irradiation if administered before 
exposure, or pharmaceutical agents capable of enhancing recovery from irradiation even if administered after 
exposure, are desirable. Application of such pharmaceutical agents is limited by the biological consequences of 
radiation exposure. 

Cell injury and/or death following irradiation generally results from damage to cellular DNA, cellular enzymatic 
systems, and cellular membrane systems /4, 5/. Such injury may either be caused directly by the radiation, or 
(more likely) caused indirectly by free radicals created primarily by the interaction of radiation with water in the 
cellular environment /4, 5/. If cellular injury is severe and is not adequately repaired, acute physiologic syndromes 
may occur, which ultimately may result in incapacitation or death. Hematopoietic dysfunction occurs after even 
low radiation exposures; after progressively higher radiation exposures, gastrointestinal, cardiovascular, and 
central nervous system dysfunction also occut /6/. Given the radiation events most likely to occur in space, 
hematopoietic dysfunction and its potentially lethal consequences are the most likely concerns for man in space. 

The consequences of hematopoietic radiation injury are linked to blood cell development /7/. All of the mature 
elements of the blood are ultimately derived from bone marrow pluripotent hematopoietic stern cells (Figure 1). 
These cells have the unique capacity to both self-replicate and to give rise to highly proliferative progenitor cells 
committed to producing large numbers of mature cells of specific hematopoietic lineages. Many of the mature 
hematopoietic elements, such as the macrophages, granulocytes, platelets, and red cells, tend to be fairly 
radioresistant. These cells, however, have relatively short lifespans (hours for granulocytes, days for platelets, 
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Fig. 1. Scheme for hematopoietic cell proliferation and differentiation. 

weeks for macrophages, months for red cells), and new mature cells must be regenerated constantly. 
Unfortunately, the pluripotent hematopoietic stem cells from which the mature cells are ultimately derived, are 
some of the most radiosensitive cells in the body. Hence, following even low doses of radiation, these cells are 
destroyed and the potential to generate new hematopoietic elements is compromised. As mature blood cells 
present at the time of irradiation are lost through normal senescence, infection (due to lack of granulocytes, 
monocytes, and macrophages), hemorrhage (due to lack of platelets), and anemia (due to lack of red cells) ensue, 
and may result in death. 

A major objective of our laboratory has been to find ways to enhance survival by enhancing hematopoietic 
reconstitution following radiation doses that injure the hematopoietic system. To accomplish this objective, we 
have extensively evaluated the use of immunomodulators for both preventing and treating such injury. 
Immunomodulators have traditionally been defined as immune-augmenting or immune-restoring agents; however, 
it is now recognized that many immunomodulators also function as potent hematopoietic regulators /8/. 
Immunomodulators may be of either biologic (bacteria, yeast, fungi) or synthetic origin, and it is generally 
accepted that these agents mediate their effects indirectly by inducing endogenous cellular regulators (i.e., 
cytokines) that control immunologic and hematopoietic functions /8/. 

This paper focuses on the biologic immunomodulator glucan, a beta-1,3 polysaccharide isolated from the inner 
cell wall of the yeast Saccharomyces cerevisiae, and describes its protective and therapeutic applications for 
treating hematopoietic radiation injury both when used alone, and when used in combination with traditional 
aminothiol radioprotectants. 

METHODS AND MATERIALS 

Mice 

C3H/HeN female mice (-20 g) were purchased from Charles River Laboratories (Raleigh, NC). Mice were 
maintained at the Armed Forces Radiobiology Research Institute (AFRR1) in a facility accredited by the American 
Association for the Accreditation of Laboratory Animal Care (AAALAC). Mice were housed in Micro-Isolator 
cages on hardwood-chip, contact bedding and were provided commercial rodent chow and acidified water (pH 2.5) 
ad libitum. Animal rooms were equipped with full-spectrum light from 6 a m. to 6 p.m. and were maintained at 
70°F ± 2°F with 50% ± 10% relative humidity using at least 10 air changes per hour of 100% conditioned fresh 
air. Upon arrival, all mice were tested for Pseudomonas and quarantined until test results were obtained. Only 
healthy mice were released for experimentation. All animal experiments were approved by the Institue Animal 
Care and Use Committee prior to performance. 

Cilucans 

Glucans used in these studies were endotoxin-free particulate (glucan-P) or soluble (glucan-F) preparations 
obtained from Tulane University School of Medicine (New Orleans, LA). The preparation of these glucans has 
been described by DiLuzio et al. /9/. Mice were intravenously (i.v.) administered glucan-P or glucan-F at doses of 
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75 mg/kg or 250 mg/kg, respectively. Preliminary experiments demonstrated that at these doses the two glucan 

preparations produced approximately equal biological effects. Initially only particulate glucan was available for 

experimentation. Subsequently, methods to solubilize particulate glucan were developed. Because soluble glucan 

is more clinically applicable than particulate glucan (which, when administered i.v„ induces side effects such as 

microemboli, hepatosplenomegaly, and granuloma formation; /10/), radioprotection studies originally performed 

with particulate glucan were subsequently repeated with soluble glucan. In subsequent therapeutic studies, only 

the more clinically relevant soluble glucan was used. 

WR-2721 and WR-36K9 

Stock WR-2721 and WR-3689 were obtained from the Walter Reed Army Institute of Research (Washington, DC) 

and kept frozen at -20°C until use. Immediately before each use, these agents were dissolved in pyrogen-free 

saline. Exposure of the materials to light was minimized. WR-2721 was administered intraperitoneally (i.p.; 200 

mg/kg) 30 minutes before irradiation; WR-3689 was administered by oral gavage (p.o.; 500 mg/kg) 60 minutes 

before irradiation. 

Indomethacin 

Indomethacin (Sigma, St. Louis, MO) was administered subcutaneously (s.c.; 5 mg/kg) 24 hours before glucan 

administration. 

Irradiation 

Mice were placed in ventilated Plexiglas containers and exposed to bilateral total-body gamma rays at a dose rate 

of 0.4 Gy/minute. The AFRRI “Co source was used for all irradiations. Dosimetry was detennined by ionization 

chambers as previously described /11/ with calibration factors traceable to the National Institute of Standards and 

Technology. 

Survival Assays 

Irradiated mice were returned to the animal facility and treated routinely. Survival was monitored daily for 30 
days; on day 31 surviving mice were euthanized by cervical dislocation. The percentage of mice surviving at 30 

days postexposure was used to construct survival curves. 

Cell Suspensions 

Each cell suspension represented a pool of tissues from three mice. Cells were flushed from femurs with 3 ml of 

McCoy’s 5A medium containing 10% heat-inactivated fetal bovine serum (HIEBS; Hyclone, Logan, UT). Spleens 

were pressed through stainless-steel mesh screen, and the cells were washed from the screen with 6 ml of medium. 

The total number of nucleated cells in each suspension was detennined by counting cells on a Coulter counter. 

Peritoneal Exudate Cell Collection and Macrophage Isolation 

Mice were anesthetized with halothane (Halocarbon Laboratories, Hackensack, NJ) and injected i.p. with 5 ml of 

calcium- and magnesium-free Hanks’ Balanced Salt Solution containing 2 units/ml of preservative-free heparin 

(Abbott Laboratories, North Chicago IL). Following gentle massage, the peritoneal lavage fluid was withdrawn 
through a 20-guage needle inserted into the cavity, and the cell content of the fluid was detennined by counting 
cells on a Coulter counter. For macrophage cell isolation, 1 ml of peritoneal cells was cultured in 35-mm petri 

dishes (Corning, Corning, NY) in Dulbecco’s Modified Essential Medium (DMEM; Gibco, Grand Island, NY) 

supplemented with 10% HIEBS at a concentration of 2.5 x 106 cells per dish. Macrophages were allowed to attach 

for 2 hours at 37°C in 5% C02. Plates were then washed three times with DMEM to remove nonadherent cells, 

and the adherent macrophages were used as described for individual assays. 

Peripheral Blood Cell Counts and Serum Collection 

Blood was obtained from halothane-anesthetized mice by cardiac puncture using a heparinized syringe attached to 

a 20-guage needle. White blood cell (WBC), red blood cell (RBC), and platelet (PLT) counts were performed 
using a Coulter counter. In some instances, blood was collected in nonheparinized syringes, transferred to 

centrifuge tubes, and allowed to clot. Blood samples were then centrifuged at 400 x g for 10 minutes and the 

serum was collected and stored at -70°C until use. 
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Exogenous Spleen Colonv-Formina Unit Assay 

Exogenous spleen colony-forming units (CFU-s) were evaluated by the method of Till and McCulloch /12/. 
Recipient mice were exposed to 9 Gy of total-body radiation to oblate endogenous hematopoietic stem cells. 
Three to live hours later, 5 x 1()4 bone marrow or 5 x 105 spleen cells from normal or glucan-treated mice were 
injected i.v. into the irradiated recipients. Twelve days after transplantation, the recipients were euthanized by 
cervical dislocation and their spleens were removed. The spleens were fixed in Bouin’s solution, and the number 
of grossly visible spleen colonies was counted. 

Endogenous Spleen Colony-Formine Unit Assay 

Endogenous spleen colony-forming units (E-CFU) were also evaluated using a method of Till and McCulloch 
/13/. Mice from various treatment groups were exposed to total-body radiation to partially oblate endogenous 
hematopoietic stem cells. Twelve days later, mice were euthanized by cervical dislocation and the number of 
spleen colonies was determined as described above. 

Granulocyte-Maerophaue Colony-Forming Cell Assay 

Hematopoietic progenitor cells committed to granulocyte-macrophage differentiation (GM-CFC) were assayed by 
a modification /14/of the semi-solid agar technique originally described by Bradley and Metcalf/15/ and Pluznik 
and Sachs /16/. The upper agar-medium mixture for cell suspensions consisted of equal volumes of 0.66% agar 
and double-strength supplemented CMRL 1066 medium (Gibco, Grand Island, NY). The medium was 
supplemented with linal concentrations of 10% HIFBS, 5% trypticase soy broth, 5% heat-inactivated horse serum, 
antibiotics, and L-serine. The agar mixture for the lower feeder layer consisted of equal volumes of 1% agar and 
supplemented medium. Endotoxin serum (5% v/v) was added to each 1-ml feeder layer as a source of colony- 
stimulating factor (CSF). Colonies (>50 cells) were counted after 10 days of incubation in a 37°C humidified 
environment containing 5% C02. 

Granulocyte-Macrophage Colony-Stimulating Factor Assay 

Serum levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) in normal and in glucan-treated 
mice were determined by incorporating 50 pi of test serum instead of endotoxin serum into the lower agar feeder 
layers in the GM-CFC assay. Normal mouse bone marrow cells were then plated in the upper agar layer. Cultures 
were incubated and GM-CFC colonies were scored as described above. 

Hydroxyurea Suicide Assay 

The percentage of GM-CFC in S-phase of the cell cycle was determined by hydroxyurea (HU) suicide. HU was 
administered to mice i.p. in the dose of 900 mg/kg 3 hours before tissues were harvested for GM-CFC assays. 

Bacteriological Assays 

To evaluate the occurrence of opportunistic infections in irradiated mice, livers of animals were monitored for 
bacterial translocation. Mice were euthanized by cervical dislocation and the livers were aseptically removed, 
homogenated, and streaked onto two BHI agar plates (Difco, Detroit, MI). One plate was incubated for 48 hours 
at 37°C and 5% C02 to isolate aerobic bacteria. The other plate was incubated for 96 hours in an anaerobic jar to 
isolate anaerobic bacteria Microorganisms were identified by standard criteria /17, 18/. 

Reticuloendothelial System Carbon Clearance Assay 

The rate of removal of colloidal carbon from the circulation was used to measure the phagocytic capacity of 
various macrophage populations comprising the reticuloendothelial system /19/. Individual mice were injected i.v. 
with 0.25 ml of diluted colloidal carbon (160 mg/kg; Cl l/143a, Gunther Wagner, Hanover, West Germany), and 
its removal from the circulation was measured. At 1, 2, 4, 6, 8, and 10 minutes after carbon injection, -0.2 ml of 
blood was removed from halothane-anesthetized mice by cardiac puncture, and 50 pi was immediately dispersed 
into 4 ml of 0.1% sodium carbonate solution. At the end of the blood collections, the absorbance of each sample 
was spectrophotometrically measured against a 0.1% sodium carbonate blank at 650 nm. Time (in minutes) was 
semilogarithmically plotted against absorbance. A regression line was calculated, and the time required for the 
absorbance to be halved (Tl/2) was determined. 
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Macrophage .VNucleoiidase Assay 

Macrophage 5’nucleotidase (5’N) activity, which has been shown to decrease as macrophage activation increases 
/20/, was used to assess peritoneal macrophage activation in irradiated mice. Washed dishes of adherent 
macrophages were lysed with 200 pi of 0.05% Triton X-100 (Sigma Chemical, St. Louis, MO) in distilled water, 
and the cell lysate was used to measure 5’N activity. Specifically, 5’N was assayed with 0.15 mM 3H-adenosine 
monophosphate (AMP) as substrate in 50 mM Tris buffer (pH 9.0) containing 12 mM magnesium chloride /21/. 
The specific activity is expressed as nmol AMP hydrolyzed per minute per mg cell protein at 37°C. The protein 
content of the macrophage cell lysates was determined by the Bio-Rad procedure (Bio-Rad Labs, Rockville 
Center, NY) with bovine gamma globulin as a standard. 

Statistics 

Results of replicate experiments were pooled and are represented as the mean ± standard error of pooled data. 
Student’s t-test was used to detennine statistical differences in all but survival data; survival data were analyzed 
using the generalized Savage (Mantel-Cox) procedure. In some instances, probit survival curves were plotted and 
analyzed according to Finney /22/ to determine LD50/30 values (radiation dose lethal for 50% of mice within 30 
days postexposure). LD5(OT0 values were used to calculate dose reduction factors (DRF’s /23/). 

RESULTS AND DISCUSSION 

Administration of Glucan Preirradiation 

Survival effects. Studies performed in the late 1970’s in normal mice demonstrated glucan’s ability to function as 
a potent hematopoietic stimulant capable of dramatically enhancing hematopoietic proliferation at the multipotent 
stem cell level, as well as, at the level of committed granulocyte-macrophage, pure macrophage, and erythroid 
progenitor cells /24-26/. Because primitive immunomodulators (e.g., endotoxin /27/) capable of enhancing 
hematopoiesis had previously been demonstrated to enhance survival when administered to mice before 
hematopoietically damaging doses of radiation, we suspected that glucan may function similarly. Studies 
evaluating this possibility demonstrated glucan’s "radioprotective" effect (Figure 2). Optimal effects were 
observed when glucan was administered 20 hours before exposure. When administered at this optimal time, 
glucan-P and glucan-F, respectively, produced DRF’s of 1.21 and 1.17 (Figure 3); however, 250 mg/kg of glucan- 
F was required to produce an effect approximately equal to 75 mg/kg of glucan-P. Although similar to the 
primitive immunomodulator endotoxin in its radioprotective capacity /27/, glucan is much less toxic than 
endotoxin, and hence more clinically applicable as an immunomodulator "radioprotectant”. In fact, glucan is 
ultimately metabolized to glucose within macrophages and used as a food source. 

Time with respect to irradiation (hrs) 

Fig. 2. Effects of glucan-P administration time on survival of irradiated mice. C3H/HeN mice were intravenously 
injected with glucan-P (75 mg/kg) at time intervals indicated before being exposed to 8.5 Gy ^Co. Composite 
data from 20 mice at each time point. 
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Fig. 3. Effects of glucan-P and glucan-F on survival of irradiated mice. C3H/HeN mice were intravenously 
injected with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed to indicated 
doses of «Co. Composite data from at least 50 mice at each radiation dose for each treatment group. 

Mechanisms of action. Multiple mechanisms appear to contribute to the survival enhancement observed in mice 
treated with glucan before hematopoietically damaging radiation doses. It has been demonstrated that traditional 
aminothiol radioprotectants typically enhance survival by protecting cells from radiation-induced lethality /28/. 
To evaluate whether glucan may function in a similar manner, mice were administered glucan 20 hours before 
increasing doses of radiation (0.25-2.50 Gy), and 24 hours following irradiation the survival of GM-CFC in the 
bone marrow and spleen (both of which are hematopoietic organs in the mouse; was evaluated. Based on D0 
values (i.e., the radiation dose required to reduce GM-CFC survival to 37%), both glucan-P and glucan-F protected 
bone marrow and splenic GM-CFC from radiation-induced lethality (Figure 4). Consistently, glucan-P treatment 
resulted in greater progenitor cell survival than glucan-F treatment. These results confirmed previous studies 
demonstrating the ability of polysaccharides administered within 20 minutes before irradiation to alter the D0 of 
hematopoietic progenitor cells /29/. 

Because cells in late S-phase of the cell cycle have been demonstrated to be more radioresistant than cells in other 
phases of the cell cycle /30/, HU suicide studies were performed to determine if glucan’s ability to alter GM-CFC 
D0 values could be correlated to the cell cycle status of these progenitor cells at the time of irradiation. Twenty 
hours following administration, both glucan-P and glucan-F clearly increased the percentage of GM-CFC in S- 
phase of the ce.l cycle (Figure 5). Although the HU suicide assay does not specifically kill cells only in late S- 
phase, these HU studies confinned glucan’s ability to shift GM-CFC into S-phase of the cell cycle at a time that 
coincides w ith maximum glucan-induced radioprotection, i.e., 20 hours following glucan administration. 

Based on the ability of preirradiation glucan treatment to both increase progenitor cell survival and to stimulate 
progenitor cell cycling, we suspected that accelerated hematopoietic regeneration would also be detected in 
glucan-treated, irradiated mice. Time course experiments evaluating the recovery of bone marrow and splenic 
GM-CFC progenitors in mice administered glucan 20 hours before otherwise lethal irradiation confirmed this 
hypothesis (Figure 6). 

It has long been recognized that the major cause of death following radiation-induced myelosuppression is 
infection arising primarily from translocated endogenous gram-negative gastrointestinal bacteria /31, 32/. Agents 
capable of enhancing survival in the radiation dose range inducing the hematopoietic syndrome have typically 
been associated with accelerated hematopoietic regeneration. Because of this, it has generally been assumed that 
an accelerated ability to regenerate new hematopoietic elements, especially ones such as granulocytes which are 
important in controlling bacterial infections, allows the host to better resist opportunistic infections and, hence, 
enhances survival. Studies evaluating the effect of glucan on bacterial translocation in irradiated mice 
demonstrated that both glucan-P and glucan-F decrease bacterial translocation (Figure 7). Interestingly, however, 
reduced bacterial translocation was observed as early as days 7 and 10 postirradiation, at which time signs of 
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Fig. 4. Effects of glucan-P and glucan-F on GM-CFC D0 values. C3H/HeN mice were intravenously injected 
with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed to the indicated doses of 
“Co. I wenty-four hours later, bone marrow (A) and spleen (B) were assayed for GM-CFC. * p < 0.05, with 
respect to saline values. Mean ± standard error of values obtained from three experiments. 

Saline P F Saline P F 
Glucan Glucan 

Fig. 5. Effect of in vivo hydroxyurea treatment on GM-CFC. C3H/HeN mice were intravenously injected with 
saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg). Seventeen hours later, mice were intraperitoneally injected 
with hydroxyurea (900 mg/kg) and 3 hours later (i.e., 20 hours after glucan administration) bone marrow and 
spleen were assayed for GM-CFC. * p < 0.05, with respect to saline values. Mean ± standard error of values 
obtained from three experiments. 
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hematopoietic regeneration had not yet been detected (Figure 6 versus Figure 7). Hence, regeneration of new 
hematopoietic elements could not account for the early decrease in bacterial translocation observed in glucan- 
treated mice. 

Alternative possibilities were examined to explain the phenomenon of reduced bacterial translocation in the 
absence of hematopoietic regeneration. Studies performed in the 1960’s and 1970's demonstrated that glucan is a 
potent macrophage activator/33, 34/. It is also well known that macrophages, especially activated macrophages, 
can play a critical role in controlling infection /35/, as well as, be a potent source for the production and release of 
several endogenous cytokines capable of regulating hematopoietic and immunologic proliferation and function 
/36/. In addition, macrophages are extremely radioresistant /37, 38/ and survive several weeks following radiation 
exposure /38/. Hence, the possibility that activated macrophages contribute to survival enhancement in glucan- 
treated, irradiated mice was evaluated. Because we hypothesized that bacterial translocation should be reduced if 
the ability of macrophages comprising the reticuloendothelial system (RES) exhibit an accelerated clearance 
capacity, the carbon clearance technique was used to evaluate RES clearance capacity in mice treated with glucan 
20 hours before irradiation. Clearance time was accelerated in glucan-F-treated mice at all postirradiation time 
points evaluated, while in glucan-P-treated mice, clearance was actually prolonged at early times, then accelerated 

Fig. 6. Effects of preirradiation glucan treatment on GM-CFC progenitor cell recovery. C3H/HeN mice were 
intravenously injected with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed 
to 8.5 Gy “Co. At the times indicated, bone marrow (A) and spleen (B) were assayed for GM-CFC. * p < 0.05, 
with respect to saline values. Mean ± standard error of values obtained from two experiments. Not enough saline 
mice survived to assay on day 18, precluding statistical comparisons at this time point. 
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Fig. 7. Effect of preirradiation glucan treatment on hepatic bacterial translocation. C3H/HeN mice were 
intravenously injected with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed 
to 8.5 Gy 60Co. On the days indicated, mice from each treatment group were euthanized, and livers were 
aseptically removed, homoginated, and assayed to determine presence of bacteria. Organisms detected were 
Proteus mirabilis, Staphylococcus aureus, and Escherichia coli. * p < 0.05, with respect to saline values. Mean ± 
standard error of values obtained from 10 mice at each assay point. Not enough saline mice survived to assay on 
day 18, precluding statistical comparisons at this time point. 

at later times postirradiation (Figure 8). The early prolongation of clearance capacity observed only in glucan-P- 
treated mice may be related to the particulate nature of glucan-P. Macrophages from glucan-P-treated mice 
typically appeared to be gorged with glucan particles for approximately 10-14 days following glucan 
administration /Patchen, unpublished observation/. Such gorged macrophages may simply not be capable of 
phagocytizing additional material until glucan particles are metabolized. When the 5’N assay was used to 
biochemically assess the activation state of macrophages obtained from glucan-P- and glucan-F-treatcd mice, both 
glucans induced a dramatic state of activation that was evident early postexposure and persisted for at least 18 
days (Figure 9). 

I he composite results described above lead us to postulate that, in addition to protecting hematopoietic progenitor 
cells from radiation injury (as suggested by the D0 results), glucan also enhances survival through multiple 

Day Postirradiation 

Fig. 8. Effect of preirradiation glucan treatment on carbon clearance capacity. C3H/HeN mice were intravenously 
injected with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed to 8.5 Gy “Co. 
On the days indicated, clearance capacity of intravenously injected carbon was measured. * p < 0.05, with respect 
to saline values. Mean ± standard error of values obtained from 10 mice at each assay point. Not enough saline 
mice survived to assay on day 18, precluding statistical comparisons at this time point. 
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Fig. 9. Effect of preirradiation glucan treatment on 5’nucleotidase activity. C3H/HeN mice were intravenously 
injected with saline, glucan-P (75 mg/kg), or glucan-F (250 mg/kg) 20 hours before being exposed to 8.5 Gy “Co. 
On the days indicated, peritoneal macrophages were isolated from mice and assayed for 5’nucleotidase activity. * 
p < 0.05, with respect to saline values. Mean ± standard error of values obtained from three experiments. Not 
enough saline mice survived to assay on day 18, precluding statistical comparisons at this time point. 

macrophage-mediated events (Figure 10). In essence, glucan administration appears to activate macrophages, 
which, being radioresistant cells, survive the radiation exposure. Once activated, these macrophages play a role in 
both nonspecifically defending the host against opportunistic infections and in producing and releasing several 
cytokines capable of stimulating the proliferation of protected hematopoietic progenitor cells. The latter part of 
this hypothesis is supported by the fact that, following glucan administration in normal mice, large amounts of 
GM-CSF, a cytokine required for the proliferation of GM-CFC progenitors, has been previously demonstrated to 
be released into the serum /39/ and to be produced primarily in tissues containing large numbers of macrophages 
/40/. In addition, both glucan-P and glucan-F have been demonstrated to induce macrophage production and 
release of interleukin-1 (IL-1 /41/). This cytokine, in the presence of other hematopoietic growth factors, has been 
demonstrated to synergistically enhance hematopoietic proliferation /42/. The importance of IL-1 induction in 
mediating the survival enhancing effects of glucan has been further substantiated by the observation that one 
specific mouse stain, the C3H/HeJ strain, does not produce IL-1 in response to glucan-F, and is not radioprotected 
by glucan-F. However, IL-1 itself, or substances capable of inducing IL-1 production in this mouse strain are 
radioprotective /41,43/. 
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Fig. 10. Scheme of glucan’s macrophage-mediated survival enhancing mechanisms. 
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I ¡g. 11. Effect of indomethacin on glucan-induced radioprotection. C3H/HeN mice were subcutaneously injected 

with indomethacin (5 mg/kg) 24 hours before being intravenously injected with saline, glucan-P (75 mg/kg), or 
glucan-F (250 mg/kg). Twenty hours following saline or glucan injections, mice were exposed to 8.5 Gy 60Co. 
Composite data from at least 30 mice for each treatment group. 

In addition to prophylactic glucan administration initiating macrophage-mediated events that postirradiation 

contribute to survival enhancement, the possibility also existed that macrophage-derived products produced during 

the 20-hour period between glucan administration and irradiation may contribute to survival enhancement. Both 

glucan-P and glucan-F have been demonstrated to induce large quantities of macrophage-derived prostaglandins 

/44/, and administration of the prostaglandin-E2 (PGE2) to mice shortly before irradiation has been demonstrated to 

be radioprotective /45/. To evaluate the role of PGE2 induction in glucan-mediated radioprotection, mice were 

pretreated with indomethacin (an inhibitor of PGE2 synthesis) before glucan administration and survival was 

monitored. In these studies, the radioprotective effects of both glucan-P and glucan-F were reduced, suggesting 
that glucan-induced PGE2 may also play a role in the "protective" aspect of glucan-mediated survival enhancement 
(Figure 11). 

Hence, it appears that the preirradiation survival enhancing effects of both glucan-P and glucan-F are mediated by 

similar mechanisms, which include prevention of hematopoietic stem cell death, increased host defenses against 

opportunistic infections, and the induction of hematopoietic growth factor production, which additionally 
contributes to accelerated hematopoietic regeneration. 

Administration of Glucan Postirradiation 

Survival effects. Based on the fact that a large part of the survival-enhancing effects observed with 

prophylactically administered glucan appeared to be mediated through activated macrophages, we suspected that 

even postirradiation it may be possible to stimulate these radioresistant cells and, hence, to enhance survival. 
Experiments evaluating this possibility demonstrated the therapeutic ability of glucan to enhance survival (Figure 
12). 

PERCENT 
SURVIVAL 

Fig. 12. Effect of postirradiation glucan 

administration on survival of irradiated 

mice. C3H/HeN mice were exposed to 

indicated doses of 60Co and 

intravenously injected with glucan-F 

(250 mg/kg) 1 hour postexposure. 

Composite data from at least 50 mice at 

each radiation dose for each treatment 
group. 
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TABLE 1 Effects of Postirradiation Glucan-F Treatment on Survival, GM-CFC Content, 
CSF Activity, Macrophage 5’Nucleotidase Activity, and Carbon Clearance Capacity 

in CBH/HeN Mice Exposed to 8.0 Gy “Co 

Time Post 'radiation 

Saline Glucan-F 

Assay 3h 6h Id 3d 7d 101 14d 3h 6h Id 3d 7d lOd 14d Normal 

Survival (%) 100 100 100 100 100 70 10 100 100 100 100 100 100 90 

GM-CFC/ ---0 0 0 0 
Femur 

2.0 2.9 5.5 12.8 3650 
± ± ± ± ± 

0.1 0.2 0.4 0.4 275 

CSF Activity 1 0 
(GM-CFC/ ± 
105BMC) 1 

5’Nucleotidase 
(specific 
activity) 

Carbon 
Clearance 
T 1/2 (min) 

0 - 

52.8 62.2 71.4 
± ± ± 
2.6 3.4 3.6 

5.1 5.8 8.0 
± ± ± 
0.2 0.3 0.2 

39 12 2 - 
± ± ± 
2 3 1 

73.8 ---2.6 
± ± 
3.7 0.1 

7.7 ---2.1 
± ± 

0.4 0.1 

0 

5.0 5.4 6.5 60.0 
± ± ± ± 
0.4 0.3 0.3 2.9 

3.8 3.8 4.8 6.7 
± ± + ± 

0.2 0.1 0.2 0.4 

-, not tested. 

Mechanisms of action. The survival-enhancing effect of therapeutically administered glucan (DRF 1.08; Figure 
12) was less than that of prophylactically administered glucan (DRF 1.17; Figure 2). This difference suggested 
that although macrophage-mediated mechanisms may still contribute to survival enhancement when glucan is 
therapeutically administered, additional truly "protective" mechanisms that contribute to survival enhancement 
when glucan is prophylactically administered are absent. Studies performed in irradiated mice treated with glucan 
1 hour after exposure confirmed that macrophage activation, enhanced RES clearance capacity, increased 
production of hematopoietic growth factors, and acceleration of hematopoietic regeneration do occur in these mice 
(Table 1). 

Administration of Aminothiols Preirradiation and Glucan Postirradiation 

The survival-enhancing effects of therapeutically administered glucan appeared to be limited by the survival of a 
critical number of hematopoietic stem cells capable of responding to glucan’s stimulatory effects. For example, if 
instead of 8.0 Gy (as illustrated in Table 1), mice were exposed to 8.5 Gy, then administered glucan 1 hour 
postexposure, macrophage activation, increased carbon clearance capacity, and elevated GM-CSF production were 
still detected, however, hematopoietic regeneration did not occur and most of the mice died /Patchen, unpublished 
observations/. 

Aminothiols have been demonstrated to be some of the most effective radioprotectants evaluated to date/46,47/. 
Operationally, these agents are limited by the fact that the most radioprotective doses also induce the most serious 
side effects, one of which is extreme performance decrement /48/. In space, maintaining crew performance could 
be critical not only to the mission but also to subsequent crew survival; the use of a performance-degrading 
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E-CFU/ 
SPLEEN 

RADIATION DOSE 

Fig. 13. Effect of preirradiation WR-2721 and therapeutic glucan treatment on endogenous spleen colony 

formation in irradiated mice. C3H/HeN mice were ¡ntraperitoneally injected with WR-2721 (200 mg/kg) 30 

minutes before being exposed to 10 Gy 60Co; glucan-F (250 mg/kg) was intravenously injected 1 hour after 

irradiation. * p < 0.05, with respect to saline values. + p < 0.05, with respect to WR-2721 values. Mean of values 
obtained from number of mice indicated above each bar. 

radioprotective agent would simply not be desirable. However, we hypothesized that it may be possible to use low 

(nontoxic and non-performance degrading) doses of aminothiols to protect a small fraction of hematopoietic stem 

cells, which postirradiation could be stimulated to regenerate using therapeutic glucan. In addition to stimulating 

hematopoietic regeneration from aminothiol-protected stem cells, therapeutic administration of glucan should also 

enhance survival through its previously discussed macrophage-mediated mechanisms. This possibility was 

evaluated in experiments in which mice were administered the aminothiol WR-2721 (200 mg/kg, i.p.) 30 minutes 

before irradiation and glucan-F (250 mg/kg, i.v.) 1 hour after irradiation. Figure 13 clearly illustrates the 

synergistic effect of this combined treatment on hematopoietic regeneration. Similar synergistic effects were 

subsequently demonstrated when survival enhancement was evaluated (Figure 14). Additionally, when an orally 

administerable aminothiol, WR-3689, was substituted for WR-2721, similar synergistic enhancement of survival 

was observed (Figure 15). 

6 8 10 12 14 

LD50/30 Radiation Dose (Gy) 

Fig. 14. Survival-enhancing effect of therapeutic glucan treatment combined with low-dose WR-2721 protection. 

C3H/HeN mice were intraperitoneally injected with WR-2721 (200 mg/kg) 30 minutes before being exposed to 

“Co doses ranging from 7 Gy to 15 Gy; glucan-F (250 mg/kg) was intravenously injected 1 hour after irradiation. 
LDjoflo values calculated from composite data from at least 200 mice for each treatment group. 
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Treatment I I 
(i.v. + 1 hr) 

(p.o. - 1 hr) 

7 8 9 10 

LD5O/30 Radiation Dose (Gy) 

Fig. 15. Survival-enhancing effect of therapeutic glucan treatment combined with low-dose WR-3689 protection. 
C3H/HeN mice were orally gavaged with WR-3689 (500 mg/kg) 1 hour before being exposed to 60Co doses 
ranging from 7 Gy to 15 Gy; glucan-F (250 mg/kg) was intravenously injected 1 hour after irradiation. LD50/3o 
values calculated from composite data from at least 200 mice for each treatment group. 

CONCLUSIONS 

Studies presented in this paper demonstrated that both prophylactic and therapeutic administration of the 
immunomodulator glucan enhances survival. Glucan is but one of a variety of new generation 
immunomodulators, which, when administered before irradiation, can enhance survival /49/. Unlike many other 
immunomodulators, however, glucan offers the advantage of being nontoxic and is ultimately metabolized to 
glucose. Compared with the best radioprotectants known to date, the aminothiols, prophylactic use of glucan (or 
any other immunomodulator) offers no advantage in terms of increased DRF’s. Even low nontoxic doses of 
aminothiols can produce DRF’s greater than those produced with optimal doses of immunomodulators. However, 
because the optimal timing of aminothiol administration (< 6() minutes before exposure) differs from the optimal 
timing of immunomodulator administration (20-24 hours before exposure), one agent may be more appropriate 
than the other depending on specific radiation exposure scenarios. In addition, combinations of glucan and WR- 
2721 (each administered at their optimal times before irradiation) have been demonstrated to result in additive 
protective effects /50/ 

In contrast to the aminothiol radioprotectants, glucan (and several other immunomodulators /49/) enhances 
survival even when administered after radiation exposure. Such a capability allows unpredictable radiation injury 
to be therapeutically treated. The effectiveness of such therapy, however, appears to be ultimately limited by the 
survival of some critical number of hematopoietic stem cells that, when stimulated by the immunomodulator can 
repopulate the host. In the case of predictable radiation exposures, therapeutic immunomodulators such as glucan 
may be used in combination with low (nontoxic and non-performance degrading) doses of aminothiols to 
synergistically increase hematopoietic regeneration and survival. Using aminothiols in such treatments provides 
an additional advantage in that aminothiols also can reduce long-term carcinogenic effects of radiation exposure 
/51/. 

Recently, recombinant hematopoietic growth factors, such as GM-CSF and granulocyte colony-stimulating factor 
(G-CSF), have also been shown to enhance survival when administered after life-threatening radiation exposures 
/52, 53/. G-CSF has also been demonstrated to enhance the effectiveness of WR-2721 /Patchen, manuscript in 
preparation/. These agents, however, must be administered once or twice a day for 10-24 days following exposure 
to obtain effects similar to those seen with a single immunomodulator injection 1 hour after exposure. If medical 
personnel are limited, as may be the case in space, the advantages of one therapy over the other are obvious. 

All studies described in this paper were performed using wCo gamma radiation. The space environment presents 
multiple radiation threats, including high-speed protons and electrons, cosmic rays, and energetic particles /54/. 
Whether the novel survival-enhancing measures described in this paper will also mitigate the consequences of 
these additional radiation threats remains to be evaluated. 
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POSTIRRADIATION TREATMENT WITH GRANULOCYTE COLONY-STIMULATING 
FACTOR AND PREIRRADIATION YVR-272I ADMINISTRATION SYNERGIZE TO 

ENHANCE HEMOPOIETIC RECONSTITUTION AND INCREASE SURVIVAL 

M. L. Patchen, Ph.D.,1 T. J. MacVittie, Ph.D.1 and L. ML Souza, Ph.D.2 
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These studies tested whether WR-2721 could be used to protect hemopoietic stem cells, which after irradiation 
could be stimulated by granulocyte colony-stimulating factor (G-CSF) to proliferate and reconstitute the hemopoietic 
system. Female C3II/lleN mice were administered WR-2721 (4 mg/mouse, i.p.) 30 min before “’Co irradiation 
and G-CSF (2.5 pg/mouse/day, s.c.) from days 1-16 after irradiation. In survival studies, saline, G-CSF, W R- 
2721, and VVR-2721 + G-CSF treatments resulted in LD50/30 values of 7.85 Gy, 8.30 Gy, 11.30 Gy, and 12.85 
Gy, respectively. At these LD50/30 values, the dose reduction factor (DRF) of 1.64 obtained in combination- 
treated mice was more than additive between the DRF’s of G-CSF-treated mice (1.06) and W R-2721-treated mice 
(1.44). Bone marrow and splenic multipotent hemopoietic stem cell (CFU-s) and granulocyte-macrophage progenitor 
cell (GM-CFC) recoveries were also accelerated most in mice treated with W R-2721 + G-CSF. In addition, mice 
treated with W R-2721 + G-CSF exhibited the most accelerated peripheral blood white cell, platelet, and red cell 
recoveries. These studies (a) demonstrate that therapeutically administered G-CSF accelerates hemopoietic recon¬ 
stitution from WR-2721 -protected stem and progenitor cells, increasing the survival-enhancing effects of W R-2721 
and (b) suggest that classic radioprotectants and recombinant hemopoietic growth factors can be used in combination 
to reduce risks associated with myelosuppression induced by radiation or radiomimetic drugs. 

Radioprotection, W R-2721, Hemopoiesis, Granulocyte colony-stimulating factor. 

INTRODUCTION 

The aminothiol WR-2721 [s-2(3-aminopropylamino)- 
ethyl phosphorothioic acid; ethiofos; gammaphos] is one 
of the most effective radioprotectants yet discovered (4, 
7, 10). Free radical scavenging, hydrogen atom donation, 
and induction of hypoxia have been suggested as mech¬ 
anisms through which WR-2721 protects cells from ra¬ 
diation-induced lethality (1, 42. 45). As a survival-en¬ 
hancing agent in experimental animals, WR-2721 is most 
effective when relatively high doses are administered 30 
min to 3 hr before radiation exposure (7). However, WR- 
2721 doses that yield the largest radiation dose reduction 
factors (DRF’s) are also the most toxic ( 17,45). In clinical 
trials with cancer patients, WR-2721 has been shown to 
reduce a variety of side effects associated with radiotherapy 

and/or chemotherapy, such as hemopoietic toxicity, lung 
toxicity, gastrointestinal toxicity, ototoxicity, and periph¬ 
eral neuropathy (12, 14, 20, 41 ). However, toxic side ef¬ 
fects including hypotension, emesis, somnolence, and hy¬ 
pocalcemia have also been noted in clinical trials following 
high doses of WR-2721 ( 12, 41 ). 

We previously demonstrated that an alternate approach 
to the use of high (potentially toxic) doses of single radi¬ 
oprotectants is the use of low doses of multiple agents 
that act by different survival-enhancing mechanisms (28, 
31). For example, we demonstrated that the survival-en¬ 
hancing effects of low-dose WR-2721 could be increased 
when glucan, an immunomodulator and hemopoietic 
stimulant, was administered following irradiation (28). 
The enhanced survival observed with WR-2721 + glucan 
was attributed to sequential effects of cell protection me- 
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dialed by WR-2721 and increased hemopoietic prolifer¬ 
ation mediated by glucan. Glucan is a potent inducer of 

several hemopoietic cytokines (26, 27, 29, 36); therefore, 
we hypothesized that specific hemopoietic cytokines may 
be used in place of glucan to stimulate hemopoiesis and 
to increase the survival-enhancing effects of WR-2721. 

One such hemopoietic cytokine is granulocyte colony- 
stimulating factor (G-CSF; 48). G-CSF administration 

increases granulocyte regeneration in drug-induced (37, 
44) and radiation-induced (18, 30) myelosuppressed an¬ 
imals. Recently, clinical studies have confirmed the use¬ 
fulness of G-CSF in preventing and/or treating myelo- 
suppression (2, 3, 9, 24, 33). 

The studies described in this paper demonstrate the 
ability of G-CSF to accelerate hemopoietic regeneration 
from stem and progenitor cells protected by a low dose 

of WR-2721, and the effects of such hemopoietic stimu¬ 
lation on survival enhancement. 

METHODS AND MATERIALS 

Mice 
C3H/HeN female mice (~20 g) were used.* Mice were 

maintained at the Armed Forces Radiobiology Research 
Institute (AFRRI) in a facility accredited by the American 
Association for the Accreditation of Laboratory Animal 

Care (AAALAC). Mice were housed 10 per cage in Micro- 
Isolator cages on hardwood-chip, contact bedding and 
were provided commercial rodent chow and acidified wa¬ 
ter (pH 2.5) ad libitum. Animal rooms were equipped 
with full-spectrum light from 6 a.m. to 6 p.m. and were 

maintained at 70°F ± 2°F with 50% ± 10% relative hu¬ 
midity using at least 10 air changes per hour of 100% 
conditioned fresh air. Upon arrival, all mice were tested 

for Pseudomonas and quarantined until test results were 
obtained. Only healthy mice were released for experi¬ 
mentation. 

WR-2721 and G-CSF 
Stock WR-2721 was obtained from Walter Reed Army 

Institute of Research (Washington, DC) and kept frozen 
at -20°C until use. Immediately before each use, WR- 

2721 was dissolved in sterile pyrogen-free saline. Exposure 
of the material to light was minimized. Thirty minutes 
before irradiation, mice were injected intraperitoneally 
(i.p.) with 4 mg of WR-2721 in a 0.5-ml volume. WR- 
2721 control mice received 0.5 ml of saline i.p. Recom¬ 

binant human G-CSF was provided by AMGen (Thou¬ 
sand Oaks, CA). The G-CSF was E. coli-derived and had 
a specific activity of 10* units/mg as assayed by a gran¬ 

ulocyte-macrophage colony-forming unit assay using 
normal human bone marrow cells. Endotoxin contami¬ 
nation was less than 0.5 ng/mg protein as determined hy 

the Limulus amebocyte lysate assay. G-CSF was admin- 
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istered subcutaneously (s.c.) once per day at a dose of 2.5 
in a 0.1-ml volume on days 1-16 postirradiation. G- 

CSF controls were administered 0.1 ml of saline s.c. 

Irradiation 
Mice were placed in ventilated Plexiglas containers and 

exposed to bilateral total-body gamma rays at a dose rate 
of 0.4 Gy/min. The AFRRI 60Co source was used for ir¬ 

radiations. Dosimetry was determined by ionization 
chambers as previously described (34) with calibration 
factors traceable to the National Institute of Standards 
and Technology. 

Survival assays 
Irradiated mice were returned to the animal facility and 

cared for routinely. Survival was monitored for 30 days; 
on day 31 surviving mice were euthanized by cervical 
dislocation. Each treatment group within each experiment 

consisted of 10 mice. Experiments were repeated three 
times. The percentage of mice surviving each radiation 
dose at 30 days postexposure was used to construct sur¬ 
vival curves. LD50/30 values (i.e., radiation dose lethal 
for 50% of mice within 30 days postexposure) were 

extrapolated from survival curves and used to calculate 
dose reduction factors (DRF’s; LD50/30 value for treated 
mice divided by LD50/30 value for radiation control 
mice). 

Hemopoietic assays 
To evaluate multipotent hemopoietic progenitor cell 

recovery, spleen colony-forming units (CFU-s) were as¬ 
sayed by the method of Till and McCulloch (40). Recipient 

mice were exposed to 9.25 Gy of total-body irradiation 
to eradicate endogenous hemopoietic stem cells. Three to 
five hours later, 1-5 X 1()4 bone marrow or 1-5 X 105 

spleen cells from normal or treated mice were intrave¬ 

nously injected into the lateral tail veins of irradiated re¬ 
cipient mice. Twelve days after transplantation, the re¬ 
cipients were euthanized by cervical dislocation. The 
spleens were removed, fixed in Bouin’s solution, and the 

number of grossly visible spleen colonies was counted. 
Hemopoietic progenitor cells committed to granulocyte 
and/or macrophage development were assayed using a 

previously described (28) agar granulocyte-macrophage 
colony-forming cell (GM-CFC) assay. Mouse endotoxin 
serum (5% v/v) was added to feeder layers as a source of 

colony-stimulating activity. Colonies (> 50 cells) were 
counted after 10 days of incubation in a 37 JC humidified 

environment containing 5% CCT. The cell suspensions 
used for CFU-s and GM-CFC assays represented tissues 
from three normal, irradiated, G-CSF-treated, WR-2721- 

treated, or combination-treated mice at each time point 
and were prepared as previously described (28). To per¬ 
form peripheral blood cell counts, blood was obtained 

from halothane-anesthetized mice by cardiac puncture 
using a heparinized syringe attached to a 20-gauge needle. 

* Charles River Laboratories, Raleigh. NC. 
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Fig. I. Effect of saline, G-CSF, WR-2721, and WR-2721 + G- 
CSF treatments on survival of irradiated mice. C3H/HeN mice 
were administered W'R-2721 (4 mg/mouse, i.p.) 30 min before 
“Co irradiation and G-CSF (2.5 /rg/mouse/day, s.c.) on days 1- 
16 after irradiation. Each data point represents results obtained 
from 30 mice. 

White blood cell (WBC), red blood cell (RBC), and platelet 
(PLT) counts were performed using a Coulter counter. 

Statistics 
Results of replicate experiments were pooled and rep¬ 

resent the mean ± standard error of pooled data. Student's 
/-test was used to determine statistical differences in all 
but survival data. Survival data were analyzed using the 

method of Finney (8). Cu.erences were considered sig¬ 
nificant when P was less than 0.05. 

RESULTS 

Effects oj G-CSF, WR-2721. am! WR-2721 + G-CSF 
an survival. 

Figure 1 illustrates the ability of G-CSF, WR-2721, and 
WR-2721 + G-CSF to enhance survival in irradiated mice. 

The LD50/30 for saline-treated mice was 7.85 Gy ± 0.06 
Gy. Consistent with our previous experiences (28, 31), 

preirradiation administration of 4 mg of WR-2721 sig¬ 

nificantly increased survival and altered the slope of the 
survival curve; the LD50/30 for WR-272l-treated mice 

was 11.30 Gy ± 0.15 Gy. Compared to saline, WR-2721 
administration resulted in a DRF of 1.44. Postirradiation 
treatment with G-CSF alone also significantly enhanced 
survival, but less than WR-2721 administration. G-CSF 

treatment alone yielded an LD50/30 of 8.30 Gy ± 0.08 
Gy, which resulted in a DRF of 1.06. Administration of 
both WR-2721 and G-CSF raised the LD50/30 to 12.85 
Gy ± 0.24 Gy, and resulted in a DRF of 1.64. This DRF 

was more than additive between the DRF’s obtained with 
WR-2721 ( 1.44) and G-CSF ( 1.06) alone. 

Effects of G-CSF, WR-2721, ami WR-2721 + G-CSF 
on hemopoiesis 

To evaluate hemopoietic responses induced by G-CSF, 
WR-2721, and WR-2721 + G-CSF, recoveries of bene 
marrow and splenic cellularity (Table I ), CFU-s (Fig. 2), 
and GM-CFC (Fig. 3) were assayed at 10, 17, and 24 days 
following a 10.75-Gy radiation exposure. Although mice 

from all four treatment groups survived this radiation ex¬ 

posure to be evaluated at day 10, only WR-2721-treated 
and combination-treated mice survived long enough to 
be evaluated on days 17 and 24 postexposure. Mice re¬ 
ceiving WR-2721 + G-CSF consistently exhibited the 

most rapid and dramatic recoveries for all parameters 

evaluated. For example, by day 24 postexposure bone 
marrow CFU-s (Fig. 2A) and bone marrow GM-CFC (Fig. 

3A) numbers in WR-2721-treated mice, respectively, had 
recovered to only 2% of normal and 7% of normal, com¬ 
pared to 14% of normal bone marrow CFU-s numbers 

and 15% of normal bone marrow GM-CFC numbers ob¬ 
served in WR-2721 + G-CSF-treated mice. Splenic CFU- 
s and GM-CFC recoveries were more dramatic than those 
observed in the bone marrow (Figs. 2B and 3B). By day 

24 postexposure, WR-2721 + G-CSF-treated mice exhib- 

Table 1. Effect of G-CSF, WR-2721, and WR-2721 + G-CSF on cellularity, 
following a 10.75 Gy radiation exposure* 

Treatment 

WR-2721 + 
Saline G-CSF WR-2721 G-CSF 

Cells per femur ( x 10h) 
Day 10 

17 
24 

Cells per spleen ( x 106) 
Day 10 

17 
24 

0.37 ± 0.02 
t 
t 

12.0 ± 0.2 
t 
t 

0.52 ± 0.09 
t 
t 

13.0 ± 0.5 
t 
t 

1.46 ± 0.15 
2.14 ± 0.38 
2.23 ± 0.27 

14.1 ± 0.6 
69.9 ± 1.9 

194.6 ± 16.3 

2.32 ± 0.25(: 
2.91 ± 0.16 
5.23 ± 0.25( 

15.2 ± 0.8 
223.3 ± 23.2( 
153.4 ± 26.1 

♦Mean ± standard error of values obtained from three experiments. 
(No mice survived to be assayed at this time point. 
tp < 0.05. with respect to WR-2721 values. 
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Fig. 2. Effect of saline, G-CSF, WR-2721, and WR-2721 + G- 
CSF treatments on bone marrow (A) and splenic (B) CFU-s 
recovery in mice exposed to 10.75 Gy. C3H/HeN mice were 
administered WR-2721 (4 rng/mouse, i.p.) 30 min before h0Co 
irradiation and G-CSF (2.5 jig/mouse/day, s.c.) on days 1-16 
after irradiation. Data represented as the mean ± standard error 
of values obtained from three replicate experiments. *p < 0.05, 
with respect to WR-2721 values. 

O Saline 

A G-CSF 2.5 yg Mouse Day 

d 1-16 s c. 

•—• WR-2721 4 mg Mouse 

-30 min I.p. 

■ WR-2721 ♦ G-CSF 

ited 61% of normal CFU-s numbers, compared to only 
36% in WR-2721-treated mice. Fven more dramatic than 
splenic CFU-s recovery was splenic GM-CFC recovery. 
Already at day 17 postirradiation, splenic GM-CFC num¬ 
bers in WR-2721 + G-CSF-treated mice had surpassed 
normal levels, reaching 791% of normal. This compared 
to only a 15% of normal recovery at the same time in 
WR-2721-treated mice. In addition to enhanced hemo¬ 
poietic stem and progenitor cell recoveries, a more rapid 
recovery of mature peripheral blood WRC’s, RBC’s, and 
PLT's was also observed in mice receiving the combina¬ 
tion WR-2721 + G-CSF treatment (Fig. 4). WBCs in 
combination-treated mice surpassed normal levels by day 
17 postirradiation, reaching 293% of normal, compared 
to only 37% of normal in WR-2721-treated mice. RBC 
recovery in WR-2721 + G-CSF-treated mice occurred 

10 17 24 

Day Postirradiation (11.75 Gy) 

O Saline 

A G-CSF 2.5 yg/Mouse Day 

d 1-16 s.c. 

-• WR-2721 4 mg Mouse 

-30 min I.p. 

■ --« WR-2721 ♦ G-CSF 

A 

O Saline 

A G-CSF 2.5 yg Mouse Day 

d 1-16 s.c 

♦ WR-2721 4 mg Mouse 

-30 min I.p 

m m WR-2721 ♦ G-CSF 

Day Postirradiation (11.75 Gy) 

B 
Fig. 3. Effect of saline. G-CSF, WR-2721. and WR-2721 + G- 
CSF treatments on bone marrow (A) and splenic (B) GM-CFC 
recovery in mice exposed to 10.75 Gy. C3ll/HeN mice were 
administered WR-2721 (4 mg/mouse, i.p.) 30 min before 60Co 
irradiation and G-CSF (2.5 ^g/mouse/dav, s.c.) on days 1-16 
after irradiation. Data represented as the mean ± standard error 
of values obtained from three replicate experiments. *p < 0.05, 
with respect to WR-2721 values. 

later, reaching normal levels at day 24 postexposure; at 
this time RBC numbers in WR-2721-treated mice were 
still only 37%^ of normal. Although PIT recovery was also 
accelerated in combination-treated mice, at 24 days post¬ 
irradiation recovery to only 46%' of normal was observed. 
However, this compared to a PLT recovery of only 16%c 
of normal in WR-2721-treated mice. 

DISCUSSION 

The effectiveness of chemotherapy and radiation for 
the treatment of cancer is limited by adverse effects of 
these treatments on critical normal tissues within the body. 
Hemopoietic tissues, in particular, are extremely sensitive 
to chemotherapy and radiation, hence, hemopoietic 
suppression and associated risks of infection and hem¬ 
orrhage are common problems associated with therapies 
used in the treatment of cancer. Means to avoid drug- or 
radiation-induced damage to normal tissues, or means to 
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Fig. 4. Effect of saline. G-CSF. WR-2721, and WR-2721 + G- 
CSF treatments on peripheral blood WBC (A), RBC (B), and 
PET (C) recovery in mice exposed to 10.75 Gy. C3H/HeN mice 
were administered WR-2721 (4 mg/mouse, i.p.) 30 min before 
60Co irradiation and G-CSF' (2.5 /yg/mouse/day, s.c.) on days 1 - 
16 after irradiation. Data represented as the mean ± standard 
error of values obtained from three replicate experiments. *p < 
0.05, with respect to WR-2721 values. 

enhance the regeneration of surviving normal tissues fol¬ 
lowing cancer treatment could he extremely beneficial. 

Regarding the first possibility — protecting normal tis¬ 
sues from adverse effects of chemotherapy or radiation 
— WR-2721 has been shown to hold promise. Interest¬ 

ingly, this agent was not developed with this purpose in 
mind. WR-2721 was initially synthesized by the U.S. 
Army Antiradiation Drug Development Program in its 
search for agents to protect military personnel from ra¬ 
diation exposures associated with nuclear warfare (7). Of 
~4,400 agents evaluated in the Program, WR-2721 
proved to be the most radioprotective. It was later dis¬ 
covered that, in addition to protecting against radiation, 
WR-2721 could also protect against adverse effects of 
chemotherapeutic agents (13). Furthermore, WR-2721 
selectively protected normal but not neoplastic tissues (43, 
46, 47) and even reduced mutagenic and carcinogenic 
effects associated with exposure of normal tissues to ra¬ 
diation and drugs ( 15,22,25). Hence, WR-2721 attracted 
significant clinical attention asan agent potentially capable 
of reducing the toxicity of conventional doses of che¬ 
motherapy and radiation without loss of antitumor activ¬ 
ity as well as allowing for the safe administration of higher 
than usual clinical doses of chemotherapy or radiation to 
increase tumor cytotoxicity (20). In humans. Phase I, II, 
and III clinical trials have confirmed beneficial effects of 
WR-2721 w hen administered before chemotherapy or ra¬ 
diation (14, 20, 41). Significant protection against he¬ 
mopoietic toxicity repeatedly has been observed, with 
WR-272 ¡-treated patients exhibiting reduced incidents of 
neutropenia, thrombocytopenia, and infectious compli¬ 
cations otherwise associated with severe bone marrow 
suppression (6, 13). The data presented in our studies 
confirm the ability of WR-2721 to protect hemopoietic 
stem and progenitor cells in irradiated hosts. 

As eluded to in the opening paragraph of this discussion, 
a second approach may also exist to mitigating adverse 
effects of chemotherapy and radiation; rather than “pro¬ 
tecting” cells from radiation- or drug-induced lethality, it 
may be possible to accelerate the regeneration of normal 
cells that survive the therapy. However, for this approach 
to be successf ul, tissues of interest must contain target cell 
populations with significant amplification potential that 
can be specifically induced to proliferate and differentiate 
into mature functional cells. Fortunately, the hemopoietic 
system (one of the most sensitive to drug- and radiation- 
induced damage) contains such target cells — the he¬ 
mopoietic stem cells and progenitor cells — which pro¬ 
liferate and differentiate in response to specific hemopoi¬ 
etic growth factors (32, 33, 35). Over the past 20 years 
multiple glycoprotein hemopoietic factors have been 
identified that regulate hemopoietic proliferation and dif¬ 
ferentiation (32, 35). G-CSF, one specific hemopoietic 
growth factor, can significantly increase total granulocyte 
numbers in normal animals (5, 21) and in drug-induced 
myelosuppressed animals (23, 37, 39, 44), enhance resis¬ 
tance to infection in neutropenic cyclophosphamide- 
treated animals (19), and increase hemopoiesis and sur¬ 
vival after cyclophosphamide and radiation (16, 18, 30. 
38). Clinical trials have also clearly demonstrated gran¬ 
ulocytopoietic effects of G-CSF in humans (2. 3, 9, 1 I, 
24, 33). 
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The data presented in our studies reconfirm the ability 
of both WR-2721 and G-CSF to individually enhance 
survival in irradiated mice (7, 28, 30, 31). Furthermore, 
our studies clearly illustrate the benefit of using these two 
agents in combination. The enhanced survival observed 
in combination-treated mice (F:?,. 1) was no doubt due 
to accelerated hemopoietic regeneration. G-CSF was able 
to stimulate the production of mature functional blood 
cells (Fig. 4) by amplification and différentiation of stem 
and progenitor cell populations protected by WR-2721 
treatment (Figs. 2, 3). 

Although WR-2721 provides a variety of beneficial ef¬ 
fects against drug and radiation damage, a variety of un¬ 
desirable and potentially detrimental side effects have also 
been observed following WR-2721 administration ( 12, 17. 
41,45). These include locomotor decrements, emesis, hy¬ 
potension, hypocalcemia, and somnolence. These side ef¬ 
fects are dose-related; with currently recommended clin¬ 
ical WR-2721 doses these effects have been somewhat 
reduced and are clinically manageable. However, it should 
be kept in mind that applications other than the treatment 
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ofcancer patients undergoing chemotherapy and radiation 
may exist for radioprotectants. For example, other possible 
applications may include protection of individuals in¬ 
volved in the clean-up of radioactive accidents, decon¬ 
tamination of fall-out areas, and space travel. In these 
circumstances, continued mental and physical perfor¬ 
mance would be required of individuals administered ra- 
dioprotectants, thus, agents inducing toxic or perfor¬ 
mance-degrading side effects would be undesirable. With 
this in mind, the WR-2721 dose chosen for use in our 
studies was purposefully lower than doses that induce op¬ 
timal protective effects in mice (7). Hence, using only a 
suboptimal WR-2721 dose we have demonstrated signif¬ 
icant hemopoietic and survival enhancing effects when 
G-CSF therapy is combined with WR-2721 treatment. 

In conclusion, we have demonstrated that the use of 
WR-2721 + G-CSF in combination can synergize to fur¬ 
ther mitigate hemopoietic injury and lethality associated 
with radiation exposure. These studies clearly establish a 
role for the postirradiation use of hemopoietic growth 
factors in combination with classical radioprotectants. 
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In an effort to understand the damaging actions of free radicals to neuronal electrophysiology, the superoxide generator, dihydroxyfumarate 
(DHF), was evaluated in slices of guinea pig hippocampus. Using field potential recording techniques, population spikes and population 
synaptic potentials were recorded in field CA1. Slices were exposed to 3 mM DHF either alone or in the presence of a protectant. DHF did 
not alter the ability of the afferent volley to generate a synaptic potential, but it did impair the ability of the synaptic potential to elicit a 
population spike. In addition, DHF induced lipid peroxidation as measured by the thiobarbituric acid assay. Superoxide dismutase (SOD) 
provided no protection. Instead, SOD treatment promoted DHF damage to synaptic potentials. Catalase alone mitigated the actions of DHF, 
but only in SOD plus catalase was the DHF-induced electrophysiological deficit and lipid peroxidation completely antagonized. The iron 
chelator. Desferal, did not protect but promoted synaptic damage. Desferal may be ineffective because of the nitroxide radical formed upon 
its reaction with DHF. The hydroxyl radical scavenger, dimethylsulfoxide, prevented lipid peroxidation and reduced the DHF-induced deficit 
but did not completely prevent the impairment of spike generation. These data suggest that DHF exerts its actions through generation of 
hydrogen peroxide which would further react with tissue iron to produce hydroxyl radicals. 

INTRODUCTION 

Evidence is increasing for the role of free radicals in 
the etiology of a number of pathological conditions in the 
brain. The strongest evidence for free radical involve¬ 
ment is with ischemia/reperfusion injury. Spin trap ex¬ 
periments have demonstrated the presence of a free rad¬ 
ical adduct following an ischemic insult4'18'39. Intrinsic 
antioxidants such as ascorbic acid1013 and glutathioneft i:: 
are expended. In addition, exogenously applied free rad¬ 
ical scavengers10'11,24 or the antioxidant enzyme super¬ 
oxide dismutase19'20 can provide protection. The source 
of the free radicals is uncertain, but could arise from 
activation of microglia5, conversion of endothelial cell 
xanthine dehydrogenase to xanthine oxidase34 and/or a 
respiratory burst with reperfusion resulting in incomplete 
reduction of oxygen21. 

In an effort to understand the pathologies that could 
result from exposure to free radicals, our laboratory has 
been investigating the electrophysiological consequences 
of exogenously applied free radical generators in hippo¬ 
campal brain slices. Hydroxyl radicals can be generated 
through the Fenton reaction by peroxide interaction with 
iron or other transition metals within the tissue17. Treat¬ 
ment of hippocampal brain slices with peroxide results in 

a decrease in synaptic efficacy, an impaired ability to 
generate spikes orthodromically28 and an increase in lipid 
peroxidation31. Both inhibitory and excitatory synaptic 
potentials are reduced by peroxide exposure29. Ionizing 
radiation causes tissue damage predominantly through 
generation of free radicals. A variety of free radical 
species are likely to be generated. Tolliver and Pellmar38 

found that gamma radiation, like peroxide, impaired 
spike generation and reduced synaptic efficacy. In con¬ 
trast, X-radiation caused an increase in synaptic efficacy 
rather than a decrease, as well as an impairment of spike 
generation32. 

The present study compares the actions of superoxide 
radicals with the Fenton-generated hydroxyl free radicals 
and the radiation-generated mixture. Dihydroxyfumarate 
(DHF), which autoxidizes to generate Superoxide1’16,26, 
was used as the free radical source. As with all other free 
radical sources tested, spike generation was impaired by 
DHF. In contrast, synaptic efficacy was unaffected. The 
presence of superoxide dismutase (SOD) promoted syn¬ 
aptic damage and provided no protection of spike gen¬ 
eration. The actions of DHF were fully blocked only by 
a combination of SOD and catalase. The data suggest 
that peroxide production is critical for DHF effects. 

Correspondence: T. Pellmar, Physiology Department, Armed Forces Radiobiology Research Institute, Bethesda, MD 20889-5145, U.S.A. 
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MATERIALS AND METHODS 

Slices of hippocampus were prepared from male guinea pigs as 
previously described28. Tissue was incubated in artificial cerebrospi¬ 
nal fluid (ACSF) for at least 1 h at room temperature before use in 
any experiments. The composition of the ACSF was (in mM): 
NaCl, 124; KCI, 3.0; CaCl2, 2.4; MgS04, 1.3; KH2P04. 1.24; glu¬ 
cose, 10; and NaHCOj, 26; equilibrated with 95% 02/5% C02. 
ACSF was made daily; all drugs were added immediately before 
use. Protectants were used at concentrations previously reported to 
be effective against 3 mM DHF damage in cardiocytes3 or against 
1.8 mM peroxide damage in hippocampal slices31. DHF, deferox¬ 
amine mesylate (Desferal, desferrioxamine), catalase, SOD, di- 
methylsulfoxide (DMSO) and most other reagents were obtained 
from Sigma Chemical Company, St. Louis, MO. Malonaldehyde 
bis(dimethyl acetal) (MDA) was purchased from Aldrich Chemical 
Company, Milwaukee, Wl. 

Electrophysiology 
All electrophysiology experiments were performed in a sub¬ 

merged slice chamber (Zbicz design41). ACSF was continuously 
perfused at 30 ± 1°C at a rate of 1-2 ml/min. A bipolar stimulating 
electrode was positioned in the stratum radiatum of the hippocam¬ 
pus to stimulate afferents to field CAL A glass recording electrode 
containing 2 M NaCl was positioned in the stratum (s.) pyramidale 
to record the somatic response of the neurons to stimulation, the 
population spike. The population spike is the summation of the 
extracellularly recorded action potentials of cells in the proximity of 
the recording electrode. A second glass recording electrode was 
positioned in the s. radiatum to monitor the afferent volley, a 
measure of the presynaptic fibers firing, and the synaptic potential 
(population postsynaptic potential, population PSP). The popula¬ 
tion PSP was quantitated by the maximal negative slope of the 
potential, since the amplitude was frequently obscured by the re¬ 
flection of the population spike. To calculate the maximal slope, 
PSP slope was calculated every 70/« beginning after the peak of the 
afferent volley. The population spike amplitude was calculated from 
the difference between the maximal negativity and the average of 
the early and late positive peaks. The potentials were recorded with 
high gain AC amplifiers and digitized, stored and analyzed on a 
PDP 11-23 computer. 

The tissue was always initially monitored in AC F to ensure that 

the recordings were stable before any treatment was initiated. The 
actions of DHF or fumarate were tested by a 30-min application of 
the agent, followed by a 30-min wash period. To test protective 
agents, the tissue was exposed to the protectant alone for 30 min, 
followed by a 30-min exposure to the combination of DHF and 
protectant. The actions of DHF in the presence of protectant were 
always compared to the protectant alone. This protocol also al¬ 
lowed us to evaluate the direct effects of each protectant. SOD. 
catalase and desferal had no effect on hippocampal electrophysiol¬ 
ogy. In the present study, in contrast to a previous report from our 
laboratory31, 50 mM DMSO caused a slight, stable increase in the 
recorded potentials. The reason for the discrepancy is uncertain but 
should not influence the present results. 

Throughout the experiment, the afferent pathway was stimulated 
with constant current (0.1-1 mA; 300 //s, 0.2 Hz) at a stimulus 
intensity that evoked a population spike approximately 30% of 
maximal. At the end of each treatment, an input/output curve was 
obtained by varying the stimulus intensity between 0 and 1 mA. In 
early experiments this was done manually and 4 responses were 
averaged at each stimulus intensity to obtain a representative curve. 
In later experiments, the curves were computer generated and only 
single responses were obtained. Two curves were generated con¬ 
secutively to ensure that the responses were representative. 

Input/output (I/O) curves were analyzed as previously de¬ 
scribed32'38. Briefly, responses from each experiment were normal¬ 
ized to a standard maximal amplitude (population spike, 5 mV; 
population PSP, 0.5 mV/ms; volley, 2 mV). Data from all experi¬ 
ments for each treatment were averaged and standard errors cal¬ 
culated. Best fit sigmoid curves38 were determined by a computer 
graphics program (RS/1, BBN Software Products Corporation). To 
determine if two curves were significantly different from one an¬ 
other, the residual sum of squares for the curves fit to the data 
points of each condition were compared with the residual sum of 
squares for the curve defined by all the data points under both 
conditions. Significance was accepted at P < 0.05. This statistic 
would indicate if treatment with DHF (with or without protectants) 
caused a change in the electrophysiological response. The percent 
change in the curves was quantified by the average of the change in 
the area under the best fit curve for each experiment (modified from 
Balestrino et al.2). The various treatments were compared using 
these values and significance was tested by analysis of variance 
(ANOVA one way; significance accepted at P < 0.10). 

UNTREATED 3 mM DHF SUPERIMPOSED 

Synaptic potential 

Fig. 1. Electrophysiological responses to stimulation of afferents in s. radiatum recorded simultaneously in the s. pyramidale (population spike) 
and s. radiatum (synaptic potential) of field CA1 of hippocampal slices of the guinea pig. Each trace is the average of 4 responses. DHF (3 
mM) decreased the amplitude of the population spike without affecting the afferent volley or the initial slope of the synaptic potential. Traces 
from the untreated and 3 mM DHF treated conditions are superimposed on the right. The amplitude of the synaptic potential is increased 
by 3 mM DHF because of the decreased reflection of the population spike in s. radiatum. 
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Lipid peroxidation 
Lipid peroxidation was measured by the thiobarbituric acid test 

using the methods modified from Kovachich and Mishra22 as de¬ 
scribed previously". Hippocampal slices from each animal were 
divided into 3 treatment groups: untreated control, protectant 
alone, and protectant plus DHF. Three slices were used in each 
group to provide sufficient tissue for the assay. Each treatment was 
repeated in 8 animals. Untreated control tissue and tissue treated 
with protectant alone were incubated in appropriate solutions at 30 
± l°C for 1 h. Tissue treated with protectant plus DHF was exposed 
to only the protectant for the first 30 min followed by exposure to 
DHF in the continued presence of protectant for the final 30 min. 
After treatment, the tissue was blotted dry and weighed to obtain 
a wet weight. Tissue was homogenized in 1 ml of 20% trichloro¬ 
acetic acid with 0.5 mM LDTA. Following addition of 2 ml 67% 
thiobarbituric acid in 20 mM NaOH, the solution was boiled for 10 
min and then centrifuged for 10 min at 2400 rpm. Absorbance was 
measured at 530 nm. 

RESULTS 

Actions of DHF 
Previous studies in cardiac myocytes3,23 used DHF at 

a concentration of 3 mM to evoke free radical effects. 

The same concentration of DHF was tested for its ac¬ 

tions on hippocampal excitability (Figs. 1 and 2A). DHF 

was found to decrease the amplitude of the population 

spike without altering the afferent volley or the initial 

slope of the synaptic response (Fig. 1). Because the re¬ 

flection of the population spike in the stratum radiatum 

is reduced, the waveform recorded through this electrode 

is altered and the amplitude of the population PSP is 

actually larger. This observation points out the necessity 

of measuring the initial slope rather than the amplitude 

of the PSP. Fig. 2A illustrates the average I/O curves 

obtained before and during exposure to 3 mM DHF in 7 

SYNAPTIC EFFICACY SPIKE GENERATION 

A. DHF 

B. DMSO+DHF 

Fig. 2. Plot of afferent volley vs PSP slope reflects the ability of the presynaptic.fibers to evoke a synaptic potential (synaptic efficacy). Plot 
of PSP slope vs population spike reflects the ability of the synaptic potential to generate spikes in the postsynaptic neurons (spike generation). 
A: effects of 3 mM dihydroxyfumarate. DHF had no significant effect on synaptic efficacy but caused a significant decrease in spike generation. 
Open squares show data from untreated controls. Filled circles represent data obtained in the presence of 3 mM DHF. Bars represent standard 
errors. Standard errors on symbols without bars are smaller than the symbol size. B: effect of 50 mM DMSO on actions of 3 mM DHF. Control 
curves (open squares) show data obtained in the presence of DMSO alone. Filled circles show data in DMSO plus 3 mM DHF. There is no 
significant change in synaptic efficacy with addition of DHF. The change in spike generation with addition of DHF in the presence of DMSO 
is still significant but is less than the change in the absence of DMSO shown in A above. 
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SOD SOD + DHF 

Population spike 

Fig. 3. Electrophysiological traces recorded from a slice treated 
with SOD. Each trace is the average of 4 consecutive responses. 
Population spikes and synaptic potentials were recorded simulta¬ 
neously from s. pyramidale and s. radiatum respectively. Addition 
of 3 mM DHF in the presence of SOD caused a decrease in the 
maximal negative slope of the synaptic potential and a decrease in 
the amplitude of the population spike. 

TABLE 1 

Malonaldehyde levels in hippocampus following DHF treatment 

Each value (nmol MDA/mg w.wt.) is the mean ± S.E.M. of 8 
experiments. Slices from each animal were divided into 3 groups. 
(1) untreated, incubated for 1 h in ACSF; (2) drug alone, 
treated with the protectant alone for 1 h; (3) drug + DHF, 
treated with the protectant alone for 30 min followed by treat¬ 
ment with protectant plus 3 mM DHF for 30 min. 

Protectant Untreated Drug alone Drug + DHF 

None 
Desferal 
DMSO 
SOD/catalase 

122.4 ± 9.0 
125.8 ± 20.3 
131.6 ± 11.7 
142.9 ± 12.0 

121.9 ± 13.8 
141.9 ± 10.5 
152.9 ± 9.9 

168.5 ± 8.9* 
125.1 ± 17.0 
130.4 ± 16.7 
156.2 ± 20.8 

* Significantly different from untreated control by two-tailed 
paired f-test (P < 0.05j. 

SYNAPTIC EFFICACY SPIKE GENERATION 

A. SOD +DHF 

B. SOD+Catalase +DHF 

Fig. 4. Plots reflecting synaptic efficacy (volley vs PSP slope) on left and spike generation (PSP slope vs population spike) on right. A: in the 
presence of SOD, 3 mM DHF caused a significant decrease in both synaptic efficacy and spike generation. Open squares represent data 
obtained in slices exposed to SOD; filled circles represent data obtained in the same slices following addition of 3 mM DHF, B: when slices 
were treated with both SOD and catalase, addition of 3 mM DHF did not produce any significant damage. Control curves (open squares) were 
obtained from slices with both SOD and catalase present. DHF curves (filled circles) were obtained in the same slices with DHF, SOD and 
catalase present. 
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slices. DHF significantly decreased (62.3 ± 8.6% of un¬ 
treated control. P < 0.05) the ability of the synaptic 
potential to evoke a population spike (impaired spike 
generation) (see also Fig. 6). In contrast. DHF produced 
no significant change (94.7 ± 8.4% of untreated control, 
P > 0.05) in the ability of the afferent volley to elicit a 
synaptic response (synaptic efficacy) (see Fig. 7). The 
actions of DHF were readily reversible with washout of 
the free radical generating compound, recovering to 90 
± 7% of untreated control within 30 min. Control ex¬ 
periments were performed using the structurally similar, 
but non-radical producing, fumaric acid. At a concentra¬ 
tion of 3 mM, fumaric acid was without any significant 
electrophysiological effects (n = 7). 

A lower concentration of DHF ( 1 mM) caused smaller 
changes in the electrophysiological responses (n = 5). 
Spike generation was decreased to 88.3 ± 9.5% of con¬ 
trol (P < 0.05) while synaptic efficacy was not impaired. 
With 6 mM DHF (n = 4), both spike generation (39.4 ± 
3.6%) and synaptic efficacy (61.3 ± 6.2%) were de¬ 
creased. These effects resembled those previously re¬ 
ported for peroxide28 and for gamma radiation38. 
However, 6 mM fumaric acid also decreased synaptic 
efficacy, although there was no concurrent effect on spike 
generation (n = 3). Consequently, a free radical mech¬ 
anism for the reduction in synaptic transmission by 6 mM 
DHF was questionable. All subsequent experiments 

limited the DHF concentration to 3 mM. 

Antioxidant enzymes 
DHF is known to produce superoxide free radi- 

cals1’16,26. If this is the effective oxygen radical, one 
would predict that SOD should protect against the dam¬ 
age produced by DHF. Pretreatment of hippocampal tis¬ 
sue with 121 U/ml SOD caused no direct change in the 
electrophysiological responses. Subsequent treatment 
with 3 mM DHF in combination with SOD produced 
more severe electrophysiological damage than with DHF 
alone (n = 6). In the presence of SOD, the synaptic 
response, as well as the population spike, was reduced 
(Fig. 3). Synaptic efficacy was decreased to 70.7 ± 8.0% 
of SOD control while spike generation was still impaired 
(72.1 ± 6.0% of SOD control) (Fig. 4A). 

Superoxide can spontaneously dismutate in an aque¬ 
ous environment to form hydrogen peroxide. Peroxide 
can interact with tissue iron and create the very damag¬ 
ing hydroxyl radical. The enzyme catalase catalyses the 
breakdown of peroxide to water and oxygen. If peroxide 
is contributing to DHF actions, catalase would be ex¬ 
pected to provide protection. While catalase (260 U/ml) 
had no direct effect on hippocampal excitability, it did 
mitigate the actions of DHF (n = 10). With catalase 
present, DHF only reduced spike generation to 93.7 ± 
5.8% of catalase control (Fig. 6), although this was still 

Population spike 

Synaptic potential 

UNTREATED DESFERAL DESFERAL + DHF 

Fig. 5. Electrophysiological traces recorded from a slice treated with Desferal. Population spike and synaptic potentials were recorded 
simultaneously. Traces are the average of 4 consecutive responses. Desferal (1 mM) did not produce any change in the responses compared 
to the untreated controls. Following addition of 3 mM DHF in the continued presence of Desferal, the population spike was greatly reduced. 
In addition, the maximal negative slope of the synaptic potential was reduced. 

(ft 
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a statistically significant deficit. Unlike SOD, catalase did 
not promote the reduction of synaptic efficacy (93.1 ± 
3.7% of catalase control) (Fig. 7). 

Application of both SOD and catalase together should 
eliminate both peroxide and syperoxide radicals. In the 
absence of DHF, they did not alter hippocampal elec¬ 
trophysiology. SOD plus catalase (n = 6) appeared to 
produce nearly complete protection from DHF damage 
(Fig. 4B). The changes in synaptic efficacy (90.1 ± 3.9% 
of SOD + catalase control) (Fig. 7) and spike generation 
(101.2 ± 4.6% of SOD + catalase control) (Fig. 6) were 
not significant. DHF damage to spike generation in tis¬ 
sue treated with SOD plus catalase was significantly less 
than that in untreated tissue (ANOVA P < 0.10) (Fig. 
6). These results would suggest that much of the damage 
from DHF results from the formation of peroxide. 

Iron chelation 
Hydroxyl radicals have been previously shown to me¬ 

diate the actions of peroxide in producing electrophysi- 
ological damage in the hippocampal slice preparation31. 

Pretreatment of the tissue with 1 mM Desferal provided 
protection from the neurophysiological deficits elicited 
by peroxide, indicating that the Fenton reaction was nec¬ 
essary for peroxide damage31. To evaluate the contribu¬ 
tion of iron to the deficit seen with DHF, 1 mM Desferal 
was added to the perfusate. In the presence of Desferal, 
the damage evoked by DHF was not blocked (Fig. 5). 
On the contrary, the synaptic potential and the popula¬ 
tion spike were both significantly reduced (n = 6). As 
with SOD treatment. Desferal promoted a DHF-induced 
decrease in synaptic efficacy (63.8 ± 12.7% of Desferal 
control) (Fig. 7) and provided no protection for spike 
generation (54.5 ± 16.6% of Desferal control) (Fig. 6). 

Free radical scavenger 
Since the hydroxyl radical is a likely candidate for the 

mediator of DHF action, a scavenger of this radical may 
be expected to afford some protection from the electro- 
physiological deficits. DMSO (50 mM) has been previ¬ 
ously found to protect against peroxide damage in the 
hippocampal slice31. The same concentration of DMSO 

Calalase 

Fig. 6. Effect of treatments on the impairment of spike generation produced by 3 mM DHF. Values were calculated from changes in the I/O 
curves reflecting spike generation (population PSP vs population spike). Damage was calculated as a percent change in the area under the 
curves obtained in DHF plus protectant compared to protectant alone. * represents a statistically significant difference (P < 0.05) between 
input/output relationship in DHF-treated tissue compared to DHF-untreated tissue under each condition, t represents a statistically significant 
difference (P < 0.10, ANOVA. one way) between the DHF-induced damage in protectant-treated tissue compared to DHF-induced uamage 
in protectant-untreated tissue. DHF produced a statistically significant (*) decrease in the ability of slices to generate spikes as seen in the I/O 
curves. Neither Desferal nor SOD mitigated the actions of DHF; spike generation was significantly impaired (*). While DMSO and catalase 
each reduced the deficit produced by DHF, a significant impairment was still observed (*) Only in the presence of SOD and catalase together 
was the action of DHF completely prevented. No significant impairment of spike generation resulted in the presence of SOD + catalase. 
Treatment with SOD + catalase provided significant protection from the DHF reduction of spike generation (t). 
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limited the DHF impairment of spike generation (Fig. 

2B), although a significant decrease was still evident (87.9 

± 6.5% of DMSO control; n = 8) (Fig. 6). DMSO did 

not significantly affect the interaction of DHF with syn¬ 

aptic efficacy (102.5 ± 6.0% of DMSO control) (Fig. 7). 

Lipid peroxidation 

Malonaldehyde (MDA) was measured by the thiobar- 

bituric acid test. In untreated hippocampal tissue, levels 

of MDA were 122.4 ± 9.0 nmol MDA/mg w.wt., in 

agreement with levels previously reported for similarly 

handled tissue11. Treatment with 3 mM DHF for 30 min 

produced a significant increase in this level to 168.5 ± 8.9 

nmol MDA/mg wet weight. The actions of a 1-h expo¬ 

sure to Desferal, DMSO and SOD plus catalase were 

evaluated both alone and in the presence of 3 mM DHF 

for the final 30 min. None of the 3 treatments had a 

significant effect of their own compared to paired un¬ 

treated controls. All of the 3 treatments did prevent the 

DHF-induced increase in MDA (Table I). 

DISCUSSION 

Free radical system 

DHF provides an effective source of superoxide rad¬ 

icals which can be further converted to other active ox¬ 

ygen species. DHF slowly autoxidizes to generate super¬ 

oxide and dihydroxyfumarate radicals1’lft'27. Electron 

spin resonance spectral analysis has demonstrated the 

appearance of the oxygen radical in the absence of any 

catalysts27. Superoxide can spontaneously dismutate to 

hydrogen peroxide although superoxide dismutase accel¬ 

erates this reaction1415. Peroxide itself is considered to 

be minimally damaging to biological tissue17,31 but it can 

react with tissue iron through the Fenton reaction to 

generate hydroxyl radicals which are extremely reactive 

oxidants. Catalase catalyses the conversion of peroxide 

to water and thereby prevents the formation of hydroxyl 

radicals. Oxygen-free radicals are known to promote 

damage to biological substrates. Free radicals can oxidize 

cellular proteins7,8, induce peroxidation of membrane lip¬ 

ids17,36 as well as damage the DNA molecule25,40. 

Determination of active radical species 

In the present study we found that DHF produced 

specific electrophysiological damage to the spike gener¬ 

ating system in slices of hippocampus from the guinea 

pig. Synaptic efficacy was not significantly affected. Pre¬ 

treatment of the hippocampal slice with SOD provided 

no protection from DHF damage. Rather, an additional 

Catalase 

Fig. 7. Effect of treatments on synaptic efficacy in the presence of 3 mM DHF. Values were calculated from changes in the I/O curves reflecting 
synaptic efficacy (afferent volley vs population PSP). Damage was calculated as a percent change in the area under the curves obtained in DHF 
plus protectant compared to protectant alone. * represents a statistically significant difference (P < 0.05) between input/output relationship 
in DHF-treated tissue compared to DHF-untreated tissue under each condition. DHF itself caused no significant effect on synaptic efficacy. 
In addition, there was no change in synaptic efficacy with DHF in the presence of DMSO, Catalase or SOD + catalase. In the presence of 
Desferal or SOD. DHF produced a significant decrease in synaptic potentials (*). 
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effect of DHF to decrease the synaptic potentials was 
induced in the presence of the enzyme. In contrast, cat¬ 
alase was an effective protectant, although its protection 
was not complete. The combination of SOD and catalase 
provided nearly complete protection; no significant dam¬ 
age from DHF occurred in their presence. These results 
suggest that peroxide, not superoxide, is the oxygen spe¬ 
cies critical to electrophysiological effects of DHF in the 
hippocampal slice preparation. The aggravating effects 
of SOD can be explained by the increased enzymatic 
generation of peroxide. Since the combination of SOD 
and catalase was more effective than the catalase alone, 
it is possible that superoxide radicals are contributing to 
the electrophysiological effects as well. These results con¬ 
trast somehwat with those of Barrington et al.3. Working 
with isolated cardiac myocytes, they observed that either 
SOD or catalase alone could delay the DHF-induced 
changes to cardiac action potentials and prevent the loss 
of cell excitability. A role for superoxide in addition to 
other radicals was hyoothesized. 

Previous studies in the hippocampus used hydrogen 
peroxide as a free radical generating system. Peroxide 
impaired the generation of spikes and reduced synaptic 
potentials213,2''. The hydroxyl radical, and not peroxide 
itself was suggested as the active oxygen species31. Iron 
was essential for the electrophysiological damage; the 
iron chelator, Desferal, was effective in protecting 
against peroxide actions31. In addition, the hydroxyl rad¬ 
ical scavenger DMSO was found to be an effective pro¬ 
tectant in this system31. The actions of DHF were simi¬ 
larly mitigated by DMSO in the present study. Desferal, 
on the other hand, was not at all protective of the elec¬ 
trophysiological damage. In fact, although the iron che¬ 
lator had no direct electrophysiological effects, it signif¬ 
icantly enhanced die DHF damage. As with SOD, a 
decrease in the synaptic response appeared with Desferal 
pretreatment. 

The results with Desferal do not rule out the possible 
contribution of hydroxyl radicals. With electron spin res¬ 
onance techniques. Desferal has been shown to react 
with superoxide to generate a nitroxide free radical'12'\ 
The nitroxide radical has a half life of approximately 10 
min at room temperature but is sufficiently reactive to 
impair enzyme activity1'. In the presence of DHF, Des- 
feral could be reacting with the superoxide to generate a 
nitroxide radical. If this new radical is damaging to the 
hippocampal electrophysiology, instead of preventing 
damage through iron chelation. Desferal could accentu¬ 
ate it. Since Desferal was able to protect against DHF- 
induced lipid peroxidation, the nitroxide radical may be 
producing electrophysiological deficits in spike genera¬ 
tion through an alternate mechanism. 

Cellular mechanisms of action 
Although the actions of SOD and catalase strongly 

suggest that peroxide is the active oxygen species in¬ 
volved with DHF exposure in the hippocampal slice prep¬ 
aration, the electrophysiological effects were not identi¬ 
cal to those produced by exogenously applied peroxide. 
Peroxide decreases both spike generation and synaptic 
efficacy28. No concentration of peroxide has been ob¬ 
served to produce only one of the two actions (unpub¬ 
lished observations). DHF did not produce a significant 
decrease in synaptic efficacy except at higher concentra¬ 
tions where fumarate toxicity is a complicating factor. In 
the presence of SOD, however, DHF was able to pro¬ 
mote synaptic damage. DHF is not likely to penetrate 
the cell membrane1. Consequently, the superoxide must 
be generated in the bathing solution. The permeability of 
superoxide is also limited. The negatively charged radical 
is thought to have access to cells through anion channels. 
Yet in neurons, anion conductance is very low35 37 and 
superoxide may not traverse the neuronal cell membrane. 
This implies that any superoxide contribution would be 
at the cell membrane. Extracellular generation of per¬ 
oxide from superoxide is supported by the observation 
that exogenously applied catalase with SOD is effective 
in preventing the DHF-induced damage. Peroxide, on 
the other hand, is freely permeable through the plasma 
membrane. Yet the actions observed in the present study 
are limited to spike generating mechanisms. Perhaps the 
mode of generation of peroxide limits its accessibility to 
all cellular domains. We previously hypothesized that 
lipid peroxidation was the underlying mechanism respon¬ 
sible for deficits in spike generation311'33 38. This suggests 
an action at the cell membrane, requiring little diffusion 
of the free radical species from the extracellular space. In 
contrast, a peroxide-induced decrease in synaptic efficacy 
has been previously hypothesized to result from oxida¬ 
tion of cellular proteins311,38 and this would likely require 
access to intracellular sites. This mechanism would sug¬ 
gest that only when the rate of formation of peroxide 
from superoxide is enhanced by exogenously added SOD 
would the distribution of peroxide change to allow syn¬ 
aptic damage. 

Conclusions 
The data suggest that DHF generates a free radical 

species that produces electrophysiological damage in the 
hippocampal slice preparation. Based on the protective 
effects of catalase but not SOD, peroxide rather than 
superoxide, is critical to the mechanism of damage. Be¬ 
cause peroxide itself produces little effect31, hydroxyl 
radicals probably mediate most of the free radical dam¬ 
age in this preparation. 
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The aim of the present study was to apply spin trapping/EPR spectroscopy to investigate the existence and 
biological role of the L-arginine/nitric oxide pathway in human platelet aggregation. Three different spin traps 
were used: two nitroso, 3,5-dibromo-4-nitrosobenzenesulfonate(DBNBS)and2-methyl-2-nitrosopropane(MNP), 
and a nitrone, 5,5-dimethyl-l-pyrroline A-oxide (DMPO). The effect of spin-trap concentration on the collagen- 
induced human platelet aggregation was compared to the anti-aggregatory effect caused by L-arginine. The results 
show that the nitroso spin traps (DBNBS and MNP) are more effective than L-arginine in preventing platelet 
aggregation. DM PC) has virtually no effect on the collagen-induced aggregation except at a high concentration 
(300 mM). Furthermore, activation of platelets with a low concentration of collagen (17 pg/ml) and in the presence 
of DBNBS or MNP yields several EPR-detectable spin adducts. Some of the observed spin adducts do not 
correspond to those originating from the interaction of a free radical, nitric oxide (NO ) gas, with the spin traps 
[Arroyo, C. M. & Kohno, M. (1991 ) Free Radical Res. Commun. 14,145 — 155]. Only one adduct of DBNBS, with 
a relative intensity of 0.1, observed in the washed-platelet experiment and in the presence of superoxide dismutase, 
is similar to the EPR spectrum obtained following a reaction of pure NO' gas with DBNBS. This suggests that 
the EPR spectrum ot the DBNBS adduct consisting of a triplet may originate from the production of NO’ by 
these cells. Additional DBNBS and MNP spin adducts were generated during platelet activation in the presence of 
Ca2 ' and of a cytosol-depleted L-arginine preparation from washed platelets to which L-arginine was subsequently 
added. I he formation of these DBNBS and MNP spin adducts were inhibited by A^-methyl-L-arginine (MeArg, 
100 pM), suggesting that these originated from a product of NO synthase. Furthermore, the formation of DBNBS 
and MNP spin adducts in platelet suspensions was enhanced by the presence of superoxide dismutase; however, 
their formation was prevented by the endothelial-derived relaxing factor (EDRF) inhibitors methylene blue and 
hemoglobin. I he results from the MeArg and EDRE inhibitor experiments support the existence of the L-arginine/ 
NO pathway in platelets. In addition, the prevention of spin-adduct formation by EDRF inhibitors, suggests that 
the mechanisms of EDRF formation and the L-arginine/NO pathway in endothelial cells and platelets are similar. 
The potent platelet anti-aggregatory effect shown by DBNBS and MNP, in addition to the results obtained from 
experiments involving MeArg and EDRF inhibitors, raise doubts with respect to the true identity of EDRF which 
has previously been suggested to be identical to NO' originating from L-arginine. The results suggest that EDRF 
may be a nitroxylated compound, a hydroxyguanidinium cation radical, with strong nucleophilic properties and 
with pharmacological properties similar to NO'. It is possible, following an electron reduction, that such a 
hydroxyguanidinium cation radical could yield NO'. 

Platelets possess a soluble guanylate cyclase that induces, 
when activated, an increase in cyclic GMP. Recent evidence 
suggests that activation of guanylate cyclase occurs in the 
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presence of nitric oxide (NO ), a product originating from 
the oxidation of the terminal guanidino group of L-arginine 
(Palmer et al., 1987). Studies dealing with vascular endo¬ 
thelium (Moneada et al., 1989) have suggested that NO' syn¬ 
thesis from L-arginine occurs through the action of a soluble 
enzyme, NO synthase. The mechanism, referred to as the L- 
arginine/NO pathway, is now known to exist in various cellu¬ 
lar systems (Moneada et al„ 1989; Palmer et al., 1988; 
Marietta et al., 1988; Garthwaite et al., 1988; Amber et al., 
1988) . Furthermore, it has been proposed (Moneada et al., 
1989) that the L-arginine/NO pathway is responsible for the 
stimulation of soluble guanylate cyclase. Although in human 
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platelets aggregation is induced by collagen and inhibited by 
i.-arginine (Radomski et ah, 1990), collagen and t-arginine 
induce an increase in cyclic GMP levels suggesting the exis¬ 
tence of the t-arginine/NO pathway in these cells. Support for 
this pathway in platelets originates from cytosol experiments. 
In these experiments, an increase in cyclic GMP was observed, 
not only in the presence of L-arginine, but also in the presence 
of sodium nitroprusside, a compound known to induce the 
release of NO' (Feelisch and Noack, 1987). 

Although the exact function of NO' generated in platelets 
is unclear, its production by macrophages, identified via 
measurement of NOj/NOJ (Hibbs et ah, 1988), has been 
associated with a cytotoxic/cytostatic effect. NO' production 
in cultured aortic endothelial cells has been related to the 
endothelium-derived relaxing factor (EDRF). The similarity 
in chemical and pharmacological actions of EDRF and NO' 
(vascular smooth muscle relaxation), have led Palmer et ah 
(1987) and Ignarroet ah ( 1987a, b) to suggest that the EDRF 
released from intact vascular components is NO'. However, 
neither the chemical or pharmacological assays used can dis¬ 
criminate between NO' and labile nitroso compounds that 
rapidly liberate NO'. Therefore, it is not yet clear whether 
EDRF is NO' or a labile nitroso precursor, or a mixture of 
both. For this reason, the spin-trapping technique, although 
having its limitations when applied to this type of study 
(Janzen, 1971, 1980; Thornalley, 1986; Arroyo et ah, 1988), 
should play an important role in determining the structure of 
EDRF and its related mechanism. 

Since NO' is a free radical, in principle, the spin trapping 
of NO' or NO-related intermediates could appear to be a 
simple and straightforward. However, it must be noted that 
these experiments, and specifically in the case of nitroso spin 
traps, deal with the addition of a NO' radical to an NO 
functional group on the spin trap. This raises some questions 
regarding the nature of the potential spin adducts and the 
location of the unpaired nitroxide electron spin density in the 
spin adduct. Using EPR and spin trapping, Arroyo et ah 
(Arroyo et ah. 1990) have characterized the receptor-mediated 
formation of a precursor of NO' derived from L-arginine in 
cultured mouse neuroblastoma cells (clone NIE-115). Fur¬ 
thermore, this intermediate activates guanylate cyclase in these 
cells. In the experiments involving neuroblastoma cells, the 
inhibition by /V,J-methyl-L-arginme (MeArg) of a labile ni¬ 
troso precursor of nitric oxide trapped by 3,5-dibromo-4- 
nilrosobenzenesulfonate (DBNBS) and cyclic GMP forma¬ 
tion was used as evidence for the existence of the L-arginine/ 
NO pathway. 

Since L-arginine is known to inhibit platelet aggregation 
by a mechanism not clear at this time (Garen and Corbo, 
1973; Houston et ah, 1983), using the techniques of EPR and 
spin trapping the present study investigates the existence and 
biological role of the L-arginine/NO pathway in human 
platelets. 

MATERIALS AND METHODS 

Isolation of platelets 

Blood (60 ml) from healthy volunteers who had not taken 
any drugs for at least 14 days was collected by venopuncture 
into a plastic flask containing sodium citrate (1:9 by voh). 
Platelet-rich plasma was prepared by centrifugation (800 xg, 
8 min). To prepare washed platelets (1.5-3.5 x 105/pl), pros¬ 
tacyclin (300 ng/ml) was added to platelet-rich plasma and the 
mixture centrifuged for 18 min as described by Radomsky 

and Moneada (1983). The supernatant was removed and the 
platelet pellet was washed once in 20 ml calcium-free oxygen¬ 
ated buffer A (0.32 M sucrose, 10 mM Hepes and 1 mM dl- 
dithiothreitol, pH 7.4) containing 300 ng/ml PGU. The cells 
were then resuspended in buffer (5 ml) without prostacyclin. 
Indomethacin (10 pM) and calcium (1 mM) were added to the 
final platelet suspension. Aggregation was induced by collagen 
(5 — 20 gg/ml) and was monitored for 10 min in an Aggretec 
TE-500 dual-channel aggregometer, Tokyo Erma Optical 
Works, Ltd, Japan, by the method of Born and Cross (1963). 

Preparation of platelet cytosol 

Washed platelets were centrifuged (150000xg, 30 min) 
and resuspended in buffer A (5 ml). Cell membranes were then 
disrupted by sonicating twice for 5 s with a Branson B-12 
sonicator (Danbury, CT, USA). The supernatant was passed 
through a 3-ml column of AGR 50W-X8 cation-exchange resin 
(Bio-Rad Laboratories, Richmond, CA, USA) to remove en¬ 
dogenous arginine. The existence of the L-arginine/NO path¬ 
way in platelet cytosol was determined by the formation of 
DBNBS or 2-methyl-2-nitrosopropane (MNP) adducts in the 
presence of L-arginine and calcium. 

EPR detection of DBNBS, MNP and 5,5-dimethyl-I-pyrroline 
S-oxide (DMPO) adducts 

DBNBS was obtained from Sigma Chemical Company 
(St. Louis, MO, USA) and was prepared in the absence of 
light by dissolving DBNBS (33 mg/ml) in double-deionized 
and double-distilled H20. MNP (Aldrich, Milwaukee, Wl, 
USA) was also prepared in the absenee of light by dissolving 
it (22 mg/10 ml) in double-deionized double-distilled water 
and stirring (approximately 2 h) in a water bath at 45 C in 
the absence of light. DMPO was a gift from Shonan Analytic 
Center (Tokyo, Japan) and was purified according to the 
method of Buettner and Obcrley (1978) by repeatedly treating 
the DMPO solution with activated charcoal until all the free- 
radical impurities were eliminated (verified by EPR). The 
concentration of DMPO was determined spectrophoto- 
metrically (/ = 236 nm, i: = 7220 M 1 ■ cm-1 ; Samuni et ah, 
1989). The experiments were carried out in darkness to prevent 
any photolytic degradation of DBNBS, MNP or DMPO. 
Aqueous solutions of DBNBS (40 mM), MNP (13 mM) or 
DMPO (300 mM) were added to platelet suspensions in buffer 
A and incubated (2 min, 37 C) in the presence of Ca2+ (1 - 
3 pM). The activation of platelets was initiated with the ad¬ 
dition of collagen (17 pg/ml, final concentration) and 
monitored by EPR no later than 1 min after the reaction 
started. In the case of MNP, the EPR signal obtained immedi¬ 
ately (first 4 min) was broad with poor resolution, possibly 
due to the low concentration of MNP in the aqueous phase. 
Therefore, in order to determine the nature of MNP adducts, 
the samples were allowed to sit in the dark for about 1 h 
permitting spin-adduct accumulation and better resolution of 
their EPR signals. The time scale of the formation and decay 
of the spin adducts of D GIS range from 30 s to a half-life 
of 27.5 min, respectively. The EPR spectra were recorded at 
room temperature on a JEOL-JES-FE2XG X-band spec¬ 
trometer (JEOL Ltd, Tokyo, Japan) in a 100-kHz magnetic 
field. Unless otherwise stated, the instrumental conditions 
were as follows: field intensity, 335.5 mT; modulation width, 
0.1 mT; instrument gain, 6.3 x 103; response, 1 - 3 s; sweep 
time, 4 min/360 mm or 8 min/360 mm; microvave power, 
8 mW. The EPR spectra were obtained using a quartz fiat cell 
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(JEOL Co. Lid, Tokyo, Japan; 10 x 45 x 0.4 mm). The spectra 
were analyzed by comparison with computer-generated ERR 
spectra. 

Reagents 

Collagen was from Hormon-Chemie, Munich, ERG; L- 
arginine, m -dithiothrcitol and bovine hemoglobin were from 
Sigma Chemical Company (St. Louis, MO, USA). MeArg 
was from Calbiochem, San i liego, CA, USA. Methylene blue 
trihydrate, o-arginine, poi issium ferricyanide, glutathione 
and indomethacin were from Wako Pure Chemical Industries, 
Ltd, Japan. Recombinant human superoxide dismutase and 
prostacyclin were gifts from Nihon Kayaku, Tokyo and Ono 
Pharmeutical Co., Tokyo, Japan, respectively. NADPH was 
obtained from Boehringer Mannheim, ERG. All reagents 
were dissolved and diluted in double-deionized double-dis¬ 
tilled water and were incubated with washed platelets or 
platelet-rich plasma for 2 min prior to the addition of the 
aggregating agent (collagen). 

RESULTS 

Collagen (8-40pg/ml) induces a concentration-depen- 
dent platelet aggregation in platelet-rich plasma and in washed 
platelets resuspended in buffer A. To determine the optimal 
collagen concentration which induces maximum response, 
several platelet-rich plasma suspensions were incubated with 
different concentrations of collagen. The results obtained 
showed that collagen concentrations of 8.5, 17 and 40 pg/ 
ml respectively induced 65%, 90-100% and 70% platelet 
aggregation. These aggregation measurements were measured 

in the presence of indomethacin (10 pM). Therefore, a col¬ 
lagen concentration of 17 gg/ml was used in all experiments 
involving the activation of platelets. 

It is of interest to determine what effect the spin traps have 
on the collagen-induced platelet aggregation and how this 
effect compares to the anti-aggregatory effect caused by l- 
arginine. Fig. 1 shows the results obtained after addition of 
collagen to several platelet suspensions each containing a dif¬ 
ferent concentration of i.-arginine or different concentrations 
of one of the spin traps (DBNBS, MNP, DMPO). The half- 
maximal inhibitory concentration (IC5o) values for L-arginine, 
D-arginine, DBNBS, MNP and DMPO concentrations, at 
which the platelet aggregation is inhibited by 50%, ¡ire 
summarized in Table I. Compared to L-arginine, D-arginine 
showed virtually no difference in its capacity to inhibit platelet 
aggregation; however, the results indicate that L-arginine is 
approximately 4.5 times less effective than DBNBS and ap¬ 
proximately 15 times less effective than MNP in inhibiting 
platelet aggregation. The results also show that the nitrone 
DMPO is far less effective in its capacity to inhibit platelet 
aggregation than L-arginine and the nitroso spin traps 
(DBNBS and MNP). 

To determine whether free-radical inte mediates are gener¬ 
ated during the activation of platelets, ini! ,al experiments were 
performed in which platelets in platelet rich plasma were acti¬ 
vated in the presence of DBNBS. This spin trap has previously 
been shown to be effective in trapping intermediates generated 
in neuroblastoma cells activated with carbamylcholine (Ar¬ 
royo et ah, 1990). Collagen (17 pg/ml) activation of platelets 
(l-2xl08 cells/ml) in th presence of Ca2+ (1 pM) and 
DBNBS (40 mM) yields the EPR spectra shown in Fig. 2. 
Control experiments carried out under similar conditions, but 

100 r 
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10 

Time (min ) Time (min ) 

fig. I. Effeet oj l.-arginine and spin traps ( DUN US, MNP and DMPO) an collagen-induced platelet aggregation. The first experiment in each 
panel ( I ) correspond to the collagen-induced platelet aggregation (controls) in the absence of t -arginine or spin traps. (A) t.-Arginine effect. 
(2 — 4) i -Arginine concentrations of 20, 40 and 80 mM, respectively. (B) DBNBS effect. (2 — 4) DBNBS concentrations of 9, 17 and 28 mM. 
respectively. (C) MNP effect. (2-4) MNP concentrations of t.3,2.6 and 4.3 mM, respectively. ( D) DMPO effects (2 —4) DMPO concentrations 
of 130, 240 and 330 mM, respectively 
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Tabic I, Inhibition of platelet aggregation by arginine and spin traps 

Compound lC5o 

mM 

I.-Arginine 40 
n-Argininc 35 
DBNBS 9 
MNP 2.6 
DM PO 260 

Fig. 2. Spin-adduct KPR spectra obtained following collagen activation 
of platelets in platelet-rich plasma in the presence of the spin trap 
DBNBS. (A) Control, corresponding to the F PR spectrum obtained 
following incubation of DBNBS with platelets in the absence of col¬ 
lagen. A similar FPR spectrum is also obtained when DBNBS is 
incubated with collagen alone. (B) FPR spectrum obtained following 
the collagen activation of platelets in the presence of DBNBS. (C) 
Overall computer simulation (addition of computer-generated spectra 
D-F) that matches the experimental spectrum in B. (D — F) Com¬ 
puter-generated FPR .pectra which match the various spin adducts 
superimposed in the experimental FPR spectrum B 

in the absence of plateiets or collagen, or after incubating 
DBNBS with collagen (5 nun), yielded no EPR signals 
(Fig. 2A). The large signals flanking the EPR spectra corre¬ 
spond to an internal instrumental Mn21 standard. The EPR 
spectrum in Fig. 2B was obtained when platelet-rich plasma 
was incubated (37 C, 2 min) with DBNBSandCa2+ followed 
by incubation with collagen (1 min). This EPR spectrum con¬ 
sists of three superimposed spin-adduct EPR spectra; two 
consisting of broad triplets and the third to a triplet of doub¬ 
lets. Fig. 2C shows the overall computer stimulation that 
matches the experimental spectrum in Fig. 2 B and was 
obtained by adding the computer-generated EPR spectra 
( Fig. 2D — F) corresponding to the three superimposed exper¬ 
imental spin-adduct EPR spectra in Fig. 2B. The broad trip¬ 
lets (Fig. 2D and E), which indicate that the unpaired 

Table 2. Spectral parameters used to obtain the simulated spectra of 
the observed DBNBS and MNP spin adducts 

Spin Nuclear HFCC Line Intensity 
adduct spin width 
in Fig. 

mT 

2D 1.0 

2F. 1.0 

2 F 1.0 
0.5 

0.93 0.20 

1.39 0.20 

1.33 0.16 
1.02 

3 B 1.0 
1.0 
0.5 

31) 1.0 
1.0 
1.0 
0.5 

0.89 0.32 
1.40 0.21 
0.78 

1.53 0.10 
1.57 0.18 
0.22 
0.21 

5 B 1.0 1.33 0.20 
0.5 1.02 
1.0 0.93 0.2 

0.25 

0.50 

0.90 

0.53 
0.36 

0.16 
0.18 

0.90 

0.5 

IIFCC, hyperfine coupling constant 

nitroxide electron in each of these spin adducts interacts with 
a single nitrogen nucleus, are best matched by computer 
simulations using for one (Fig. 2 D) a nitrogen hyperfine 
coupling constant, «N = 0.93 mT, with a relative signal inten¬ 
sity of 0.25, and for the other (Fig. 2E), r/N = 1.39 mT, with a 
relative signal intensity of 0.5 (Table 2). The third spin-adduct 
EPR spectrum (Fig. 2B), consisting of a triplet of doublets, 
indicates that the unpaired nitroxide electron is interacting the 
nucleus of a ß hydrogen. This EPR spectrum is best matched 
by a computer simulation (Fig. 2F) using hyperfine coupling 
constants as reported in Table 2. 

Collagen activation, in the presence of DBNBS (40 mM) 
and Ca2+ (1 pM), of washed platelets resuspended in buffer 
A yields the EPR spectrum shown in Fig. 3 A. This EPR 
spectrum consists of two superimposed DBNBS spin-adduct 
EPR spectra. One corresponds to a triplet of doublets similar 
to the triplet of doublets observed in Fig. 2B and F and can 
be computer-simulated using hyperfine coupling constants, as 
indicated in Table 2. Although the triplet of doublets in 
Fig. 3 A does not fit computer simulation identical to the 
triplet of doublets in Fig. 2 B, the similarity between both 
these triplets of doublets suggests that they originate from the 
same intermediate. The difference in the computer simulations 
could be attributed to the superimposition of various spin- 
adduct EPR spectra and the line widths corresponding to 
these adducts. It is also possible that changes in the environ¬ 
ment (e.g. ionic strength) could lead to differences in the spin 
adduct EPR spectra corresponding to identical intermediates. 
The second spin adduct EPR spectrum consists of a broad 
triplet which is simulated using EPR parameters reported in 
Table 2. This EPR spectrum is similar to the triplet described 
in Fig. 2B and D, suggesting that it originates from the same 
intermediate. The addition of the computer-generated EPR 
spectra for both DBNBS spin adducts yields the overall com¬ 
puter simulation (Fig. 3B) for the experimental EPR spectrum 
in Fig. 3 A. The spin adduct with an EPR spectrum consisting 
of a triplet (uN = 1.39 mT), described in Fig. 2B and E, is 
not observed in the experiments involving activated washed 



927 

d -— 
Hg. 3. Spiii-aililm t EPR spectra obtained following collagen activation 
oj washed platelets in the presence ofDBNBS (A ) or MNP (instrument 
gain. IO4 ; C). (B, D) Overall computer simulations corresponding to 
the experimental liPR spectra in A and C, respectively. These com¬ 
puter-generated lil’R spectra were obtained by addition of the 
simulations for the superimposed (see text) spin adducts in A and C 

platelets, suggesting, therefore, that this spin adduct originates 
from a reactive component in the plasma and not from the 
activated platelets. In an attempt to gain further information 
as to the nature of the DBNBS spin adducts, the experiments 
were performed in the presence of other spin traps (MNP and 
DMPO). When the experiment described in Fig. 3A is carried 
out in the presence of MNP (13 mM) instead of DBNBS, 
the EPR spectrum shown in Fig. 3C is obtained. This EPR 
spectrum consists of two superimposed MNP spin-adduct 
EPR spectra. One consists of a broad triplet which is matched 
by computer simulation using a nitrogen hyperfine coupling 
constant, «N= 1.53 mT, as shown in Table 2. The second 
MNP spin-adduct EPR spectrum consists of a triplet of quar¬ 
tets. This indicates that the unpaired nitroxide electron is 
interacting similarly with the nuclei of a secondary nitrogen 
and hydrogen (Table 2). The addition of the computer-gener¬ 
ated EPR spectra for the MNP spin adducts yields the overall 
computer simulation (Fig. 3D) that best matches the exper¬ 
imental EPR spectrum in Fig. 3C. When DMPO (300 mM) 
was used as the spin trap in platelet suspensions (controls) 
and in collagen-activated platelet suspensions, no EPR signals 
were detected. 

In order to support the existence of the L-arginine/NO 
pathway in platelets, and to determine whether the spin ad¬ 
ducts observed in the experiments described in Fig. 3 originate 
from this pathway, L-arginine (100 gM) was added to a mix¬ 
ture containing arginine-depleted platelet cytosol, NADPH 
(l mM), Ca2+ (1 pM) and spin trap (40 mM DBNBS or 
13 mM MNP). The EPR spectra shown in Fig. 4 A and B were 

Fig. 4. Spin-adduct EPR spectra obtained during activation of platelet 
cytosol following addition of \.-arginine (A, B) or MeArg (C) to 
arginine-depleted platelet cytosol. NADPH and Ca2+ were added to 
die arginine-depleted platelet cytosol prior to the addition of t.-argi¬ 
nine or MeArg. DBNBS was used in A and C. MNP was used in B 

obtained when the experiments were performed in the presence 
of DBNBS and MNP. respectively. In control experiments, 
no spin adducts were observed in the absence of L-arginine or 
NADPH. Although the EPR spectrum of Fig. 4B is weak, it 
appears to consist mainly of a triplet of quartets which can be 
matched by a computer simulation using spectral parameters 
identical to those for the triplet of quartets in Fig. 3C and D. 
The formation of the spin adducts in Fig. 4A and B are 
dependent on the presence of Ca2+ and are only formed in 
the presence of L-arginine, and not when this amino acid is 
substituted by D-arginine. The cation requirement (Ca2 + ) and 
the enantiomeric specificity (L-arginine vs D-arginine) suggests 
an enzymatic process leading to the formation of an intermedi¬ 
ate originating from L-arginine from which the spin adducts 
are formed. The question remains whether such an enzymatic 
process is that involving the L-arginine/NO pathway. To ad¬ 
dress this question, the experiments were carried out in the 
presence MeArg instead of L-arginine. MeArg, an L-arginine 
analog, is known to inhibit the enzymatic process which leads 
to the formation of NO' from L-arginine. Fig. 4C shows the 
result obtained from this experiment and indicates that when 
MeArg (100 gM) is used instead of L-arginine, the formation 
of the spin adducts is completely inhibited. This result strongly 
suggests that the enzymatic process which leads to the forma¬ 
tion of the spin adducts observed in Fig. 4A and B is the one 
involving the L-arginine/NO pathway. In addition, since the 
spin-adduct ERR spectra obtained in Fig. 4A and B are 
matched by computer simulations similar to those used for 
the DBNBS and MNP spin adducts in Fig. 3 (Table 2), 
suggests that the spin adducts generated in the experiments 
involving washed platelets (Fig. 3) also originate from the l- 
arginine/NO pathway. 
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F'ïg. 5. DUNHS spin-adduct EHR spectra obtained during collagen acti¬ 
vation of washed platelets in the absence ( A ) and presence ( B) of SOD, 
andin the presence of methylene blue IC). Instrument gain in 15,4 x lO-’ 

Additional evidence, suggesting that the spin adducts 
produced in the experiments with activated platelets originate 
from an enzymatic process involving the L-argininc/NO path¬ 
way, is given in experiments in which platelets are activated 
in suspensions containing the spin trap and either superoxide 
dismutase (SOD) or other well-known inhibitors of the enzy¬ 
matic synthesis of NO from L-arginine (methylene blue or 
hemoglobin). It is known that superoxide radical anion ( OJ) 
is a major mode of inactivation of the products generated in 
the L-arginine/NO pathway (Grylewski et ah, 1986), and that 
its presence induces platelet aggregation (Salvemini et ah, 
1989), an effect opposite to the effect produced by L-arginine. 
Since it is not uncommon that production of OJ occurs in 
activated cells, it could be expected that the presence of SOD 
in platelet suspensions would lead to the potentiation of the 
observed spin-adduct EPR spectra (Figs. 3 and 4). On the 
other hand, the presence of methylene blue or hemoglobin in 
the activated platelet suspensions should prevent the forma¬ 
tion of the spin adducts. Fig. 5 shows the results obtained 
when identical washed platelet suspensions are activated in 
the presence and absence of SOD or methylene blue (or 
hemoglobin). Fig. 5A shows the DBNBS spin adduct EPR 
spectra obtained in a fashion identical to that in the exper¬ 
iments described in Fig. 3. However, when the experiment is 
performed in the presence of SOD (100 U/ml), the EPR signal 
in Fig. 3 A is potentiated by a factor of three (Fig. 5B). Fur¬ 
thermore, Fig. 5C shows that formation of the spin adduct 
observed in Fig. 5 A is completely inhibited when methylene 
blue (50 pM) is present during the activation of washed 
platelets. The same result as that shown in Fig. 5C is obtained 
when hemoglobin (100 pM) is used instead of methylene blue. 
It must be noted that similar to the case shown in Fig. 2 B, the 
triplet of doublets in Fig. 5 B is best matched by a computer 

simulation using hyperfine coupling constants, i/N = 1.33 mT 
and «H = 1.02 mT, with line width and relative intensity of 
0.2 mT and 0.9, respectively. The same is observed for the 
spin-adduct EPR spectrum corresponding to a triplet in 
Fig. 5 B. The computer simulation that best matches this trip¬ 
let is obtained using a nitrogen hyperfine coupling constant 
of «N = 0.93 mT and line width and relative intensity of 0.2 mT 
and 0.1, respectively. These spectral parameters are also simi¬ 
lar to those observed for the triplet in Fig. 2B and D. 1’he 
similarity of the spin-adduct EPR spectra in Figs 2B and 5B 
further support the hypothesis that the spin adducts in Fig. 3 A 
(or Fig. 5 A) and the spin adducts in Fig. 2B (or Fig. 5B) 
originate from the same intermediates. 

Since the EPR spectra in Fig. 4 A and B, respectively, 
correspond to spin adducts identical to those described by the 
EPR spectra in Fig. 3 A and C, indicating that the spin adducts 
originating from the experiments involving arginine-depleted 
platelet cytosol (Fig. 4), and which are not formed in the 
presence of known L-arginine/NO pathway inhibitors, are 
the same spin adducts produced following activation of the 
washed platelets (Figs 3 and 5), which are potentiated by SOD 
and inhibited by methylene blue or hemoglobin. Therefore, 
the results shown in Figs 3--5 strongly suggest that the spin 
adducts generated by the activated platelets are produced from 
intermediates originating from the L-arginine/NO pathway. 

DISCUSSION 

The spin-trapping results presented in this work show that 
upon collagen activation of platelets in the presence of nitroso 
spin traps, two DBNBS and two MNP spin adducts were 
formed (Fig. 3). The third DBNBS spin adduct, consisting 
of a triplet (Fig. 2), «N = 1.39 mT, was observed only in the 
experiments using platelet-rich plasma. Since this spin adduct 
was produced only in experiments involving platelet-rich 
plasma its formation was attributed to an active component 
in the plasma. A similar DBNBS spin adduct, consisting of a 
triplet («n = 1.36 mT), was obtained when glutathione was 
reacted with OH, generated in a Fenton system (Fe^/HjOj) 
or by ultraviolet irradiation of H2O2, to form oxidized 
glutathione which is trapped by DBNBS. It is therefore pos¬ 
sible that the DBNBS spin adduct (triplet, «N = 1.39 mT), ob¬ 
served only in the platelet-rich plasma experiments, was prod¬ 
uced following the reaction of DBNBS with an activated sulfur 
center. The formation of two DBNBS and two MNP spin 
adducts in activated washed platelets, in addition to the three¬ 
fold enhancement of the DBNBS spin adducts in the presence 
of SOD and the prevention of their formation in the presence 
of well-known L-arginine/NO pathway or EDRF inhibitors 
(MeArg, methylene blue, hemoglobin), strongly suggests that 
these spin adducts originate from the L-arginine/NO pathway 
in platelets. 

Since DBNBS and MNP are similar in that they are nitroso 
spin traps, and since the DBNBS and MNP spin-adduct EPR 
spectra (Fig. 3), consisting of triplets with hyperfine coupling 
constants «N = 0-89 mT (or «N = 0.93 mT, Fig. 5B) and «N = 
1.53 mT, respectively, exhibit a similar EPR pattern (triplet) 
and were generated in analogous experiments using washed 
platelets, these DBNBS and MNP adducts may originate from 
the reaction of the spin traps with the same intermediate from 
the L-arginine/NO pathway. Furthermore, the DBNBS spin- 
adduct EPR spectrum consisting of a triplet («N = 0.93 mT 
and line width 0.2 mT; Fig. 5B), obtained in the washed- 
platelet experiments in the presence of SOD. is similar to 
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the EPR spectrum («N = 0.959 mT) obtained following the 
reaction of pure NO' gas with DBNBS (Arroyo and Kohno, 
1991). This suggests that the EPR spectrum of the DBNBS 
adduct consisting of a triplet may originate from the pro¬ 
duction of NO' by these cells. With regard to the additional 
predominant spin-adduct EPR spectra (Fig. 3) consisting of 
a triplet of doublets (DBNBS) ancl a triplet of quartets (MNP), 
the triplet of doublets (DBNBS) indicates that the unpaired 
nitroxide electron is interacting with the nucleus of a (1 hydro¬ 
gen and the triplet of quartets (MNP) indicates that this 
unpaired electron is interacting with the nuclei of a secondary 
nitrogen and hydrogen (not observed in experiments with 
DBNBS). This suggests that the unpaired electron of the spin- 
trap NO functional group experienced two different electron- 
spin-density distributions, leading us to postulate that the 
intermediate trapped is possibly a hydroxyguanidinium cation 
radical originating from the N-terminal guanidinium portion 
of L-arginine. The hydrogen coupling and the additional nitro¬ 
gen coupling observed in the experiments with MNP, supports 
that this spin trap reacts with a labile nitrogen-containing 
intermediate, possibly a hydroxyguanidine derivative from l- 
arginine formed prior to the production of NO'. Theoretical 
self-consistent field molecular-orbital calculations indicate 
that the hydroxyguanidinium ion can dissociate in alkaline or 
neutral medium by the loss of the hydroxyl proton (Sapse et 
al., 1981). Therefore, this strongly nucleophilic agent can at¬ 
tack a positive receptor in NO synthase, acting in this way as 
an anti-aggregatory agent. 

N 
II 

C 
/ \ 

h2n nhr 

Hydroxyguanidinium cation radical 

Cellular production of NO' from the N-terminal 
guanidinium group of L-arginine has been documented in 
several reports (Collier and Vallance, 1989). Furthermore, 
since NO' and EDRF have similar pharmacological proper¬ 
ties, it is generally thought that NO' is EDRF. However, it is 
conceivable that EDRF may be some other nitrogen-oxide- 
containing intermediate formed prior to NO' in the L-arginine/ 
NO pathway, and that NO', although having similar proper¬ 
ties to EDRF, is a product of EDRF degradation. 

Although it has been established that NO' not only inhibits 
platelet aggregation, but also inhibits platelet adhesion to 
vascular surfaces (Radomski et al., 1987), it has also been 
established that the cellular production of NO' originates from 
the N-terminal guanidino group of L-arginine. Therefore, it is 
not surprising that the collagen-induced aggregation of 
platelets is prevented in the presence of L-arginine. However, 
the large anti-aggregatory effect exhibited by the nitroso spin 
traps (in contrast to the nitrone DMPO) suggests that this 
anti-aggregatory effect is not limited to NO', and that other 
forms of nitric-oxide-containing compounds may also play a 
role in this mechanism. In neuroblastoma cells, where the l- 
arginine/NO pathway has also been established, DBNBS was 
shown to have an inhibitory effect on guanylate cyclase (Ar¬ 
royo et al., 1990). Similar to this effect in neuroblastoma cells, 
it is possible that the effect of DBN BS on platelet aggregation 
is mediated via an inhibition of guanylate cyclase, indicating 

that this nitroso trap reacts with the radical intermediate 
species that stimulates guanylate cyclase via a heme-dependent 
mechanism (data not shown). Since the anti-aggregatory effect 
of the nitroso spin traps is substantially larger than the effect 
of L-arginine may suggest that other intermediates, containing 
nitroso functional groups formed before or after the pro¬ 
duction of NO', may play a predominant role in the biochemi¬ 
cal and pharmacological effects (EDRF) originating from the 
L-arginine/NO pathway. It is known that NO' is unstable in 
aqueous solutions, especially in the presence of oxygen. This 
again raises the question whether in cellular systems, where 
oxygen is always present, NO' is actually EDRF exerting its 
effects prior to its reacting and disappearance. 

Another alternative is the formation of an S-nitrosothiol. 
It is known that the enzymatic activity in the L-arginine/NO 
pathway require the presence of glutathione or other thiol- 
containing compounds (e.g. dithiothreitol). The pharma¬ 
cology of S-nitrosolhiols is essentially the same as that ex¬ 
hibited by NO'. Furthermore, activation of guanylate cyclase 
by certain nitroso compounds, nitrite, nitrite esters and nitrate 
esters, has been attributed to the generation of labile A-ni- 
trosothiols (Ignarro, 1990). S-Nitrosothiols activate cytosolic 
guanylate cyclase (Ignarro et al., 1980a, b, c) by a heme- 
dependent mechanism (Mellion et al., 1983), elevate vascular 
(Ignarro et al., 1981 ; Ignarro and Kadowitz, 1985) and platelet 
(Mellion et al., 1983) cyclic GMP levels, relax artery and vein 
walls (Ignarro et al., 1981; Ignarro and Kadowitz, 1985), 
inhibit platelet aggregation (Mellion et al., 1981) and produce 
a potent vasodilatory response in vivo (Ignarro et ah, 1981). 

The question still remains whether the DBNBS (triplet of 
doublets) and MNP (triplet of quartets) spin adducts observed 
during the activation of platelets were produced before or after 
generation of NO'. Recently, Clancy et ah (1990) reported the 
reaction of NO' with thionitrobenzoic acid (Nbs) and found 
that in the presence of oxygen NO' is stabilized by Nbs in 
aqueous solutions. Furthermore, this report also showed that 
the 5-nitrosothiol derivative of Nbs was more effective than 
NO' in inhibiting ADP-induced platelet aggregation. In order 
to determine whether the spin adducts observed in this work 
originated from a product of a 5-nitrosothiol radical inter¬ 
mediate, dissolved NO' was added to a solution of Nbs in the 
presence of the nitroso spin traps. The experiment was also 
carried out by adding the spin traps to the reaction mixture 
after addition of dissolved NO'. Analogous reactions were 
carried out using oxidized and reduced forms of glutathione. 
The results showed no spin-adduct formation in any of these 
reactions. These results would appear to suggest that the spin 
adducts observed were formed at some intermediate step in 
the L-arginine/NO pathway prior to the formation of NO'. 
However, these results do not exclude the possibility that 
nitroso spin traps exert a large inhibitory effect on platelet 
aggregation, forming a labile nitroxide intermediate which 
rapidly reacts with a thiol-containing compound consequently 
exerting the anti-aggregatory effect. Neither do the results 
exclude the possibility that the L-arginine anti-aggregatory 
effect may be caused by another intermediate, possibly a 
hydroxyguanidinium cation radical formed as a product of 
auto-oxidation of L-arginine. The spin-trapping and aggre¬ 
gation experiments presented in this work raise questions re¬ 
garding the true identity of EDRF and whether EDRF- is 
actually NO' or other reactive nitric-oxide-containing com¬ 
pounds. 

Special thanks to Dr. Masahiro Kohno and his staff for helpful 
discussion, and to Mr. Troy S. Kiminel for his excellent assistance in 
the preparation of the tables. 
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ABSTRACT 

The need exists for compounds that will protect individuals from high-dose acute radiation exposure in space and 
for agents that might be less protective but less toxic and longer acting. Metals and metal derivatives provide a 
small degree of radioprotection (dose reduction factor < 1.2 for animal survival after whole-body irradiation). 
Emphasis is placed here on the radioprotective potential of selenium (Se). Both the inorganic salt, sodium 
selenite, and the organic Se compound, selenomethionine, enhance the survival of irradiated mice (60Co, 0.2 
Gy/min) when injected IP either before (-24 hr and -1 hr) or shortly after (+15 min) radiation exposure. When 
administered at equitoxic doses (one-fourth LD10; selenomethionine = 4.0 mg/kg Se, sodium selenite = 0.8 mg/kg 
Se), both drugs enhanced the 30-day survival of mice irradiated at 9 Gy. Survival after 10-Gy exposure was 
significantly increased only after selenomethionine treatment. An advantage of selenomethionine is lower lethal 
and behavioral toxicity (locomotor activity depression) compared to sodium selenite, when they are administered 
at equivalent doses of Se. Sodium selenite administered in combination with WR-2721, 5-2-(3- 
aminopropylamino)ethylphosphorothioic acid, enhances the radioprotective effect and reduces the lethal toxicity, 
but not the behavioral toxicity, of WR-2721. Other studies on radioprotection and protection against chemical 
carcinogens by different forms of Se are reviewed. As additional animal data and results from human 
chemoprevention trials become available, consideration also can be given to prolonged administration of Se 
compounds for protection against long-term radiation effects in space. 

INTRODUCTION 

The search for effective radioprotectors is determined by the desired application. Historically, development has 
focused on protection against acute high-dose radiation injury and for protection of normal tissues of cancer 
patients who are undergoing therapy. The search has been dominated by the study of sulfhydryl compounds, 
particularly the phosphorothioates /1/. Good protection against lethality in experimental animals has been 
achieved with WR-2721 and its derivatives, but high levels of protection are accompanied by side effects, 
including behavioral toxicity, that may be unacceptable in some situations /2, 3/. With respect to development of 
radioprotectors for uses where behavioral toxicity would be an unacceptable side effect, performance decrement 
must be evaluated. In a series of studies, Landauer and coworkers demonstrated that the most effective doses of 
protectors have the greatest behavioral side effects, as measured by alterations in locomotor behavior/4, 5/. 

The problem of behavioral toxicity of single protectors or radioprotective regimens would be more acute in space, 
where performance is an important factor. On the other hand, the presence of trained personnel and adequate 
preparation should also allow for parenteral administration of the more potent protectors, e.g., phosphorothioates, 
in the event of impending high-dose exposures that might occur, such as with a solar flare. Developing 
radioprotectors for use in space involves considerations that may not be as relevant for other uses. For example, 
the use of some doses of WR-2721 (and related compounds) during spaceflight may be complicated by the effect 
of this compound on calcium metabolism /6/, causing exacerbation of the hypocalcemia induced by 
weightlessness. 

Protectors that are less toxic and longer acting are also needed, although they may not be as effective as 
phosphorothioates. Among the less active protectors are metals and metal complexes. Metals are among the 
many endogenous factors that influence cellular radiosensitivity, causing either a pro-oxidant or antioxidant effect 
/7/. Iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), and Se are important in enzyme and protein functions, 
which are often involved in the removal of toxic free radicals or their products, including those arising from 
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radiation-induced free radicals /8/. These include: superoxide dismutases (Zn, Cu, and Mn), catalase (Fe), 
ceruloplasmin (Cu), metallothionein (Zn), glutathione peroxidases and related proteins (Se). In this paper we 
concentrate on the radioprotective properties of Se. 

METHODOLOGY 

Male CD2F1, (BALB/c x DBA/2)F1, mice, approximately 25 g, obtained from Charles River Laboratories were 
quarantined and acclimated for at least 2 wks before experimentation. During quarantine, mice were examined for 
pathological or serological indications of disease and Pseudomonas infection (representative sampling). Mice 
were housed eight/MicroIsolator cage on hardwood chip contact bedding, maintained in conventional animal 
holding rooms in an AAALAC-accredited facility. Rooms were maintained at 21°C ± 1°C with 50% ± 10% 
relative humidity and 12 room changes of l(X)%-conditioned fresh air per hr. Mice were maintained on a 12-hr 
light-dark cycle, and provided acidified water (pH 2.5) ad libitum. Research was conducted according to the 
principles enunciated in the Guide for the Care and Use of Laboratory Animals prepared by the Institute of 
Laboratory Animal Resources, National Research Council. 

Sodium selenite and seleno-D.L-methkmine (Sigma Chemical Co., St. Louis, MO) and WR-2721 (Drug Synthesis 
and Chemistry Branch, Division of Cancer Treatment, National Cancer Institute, Bethesda, MD) were injected 
intraperitoneally (IP) in neutralized saline (pH 7-8) in a volume that was 1% of the mouse body weight. Drug 
doses used for radioprotection studies were administered at fractions of the LD10 dose, which were approximately 
800 mg/kg for WR-2721, 16 mg/kg for selenomethionine, and 3.2 mg/kg for sodium selenite. Doses of Se 
compounds are expressed as mg Se/kg body weight. When the radioprotective effects of sodium selenite and 
selenomethionine were compared, mice in Plexiglas boxes were irradiated unilaterally with “Co (Theratron 80, 
0.2 Gy/min). When combinations of sodium selenite and WR-2721 were studied, mice in Plexiglas boxes were 
irradiated bilaterally with “Co (AFRRI “Co source, 1 Gy/min). Behavioral toxicity (perfonnance decrement) of 
radioprotectors was assayed by automated quantitation of spontaneous locomotor activity /5, 9/. Statistical 
analyses of survival data were done by the Mantel-Cox procedure and behavioral toxicity by Dunnett’s test /10/. 

RESULTS 

Radioprotection by Sodium Selenite and Selenomethionine 

Determination of the lethal toxicity of sodium selenite and selenomethionine indicated that a larger amount of Se 
could be administered to mice in the organic form than in the inorganic form; the LDUI for selenomethionine was 
16.0 mg/kg body weight and for sodium selenite was 3.2 mg/kg body weight. Radioprotection studies and 
behavioral toxicity experiments were done using fractions of the LD1() dose. Comparison of the behavioral 
toxicity of selenite and selenomethionine injected at equivalent doses of Se (1.6 mg/kg) is shown in Figure 1. No 
significant behavioral toxicity was observed with selenomethionine at this dose. Significant decrements in 
locomotor activity were observed up to 1 hr after sodium selenite treatment, with a nadir at 0.5 hr. When 

Percent 

of 

Control 

Sodium Selenite 
I Selenomethionine 

Fig. 1. Comparison of behavioral toxicity (locomotor activity) of sodium selenite and selenomethionine at 
equivalent doses of Se (1.6 mg/kg). The dashed line at 100% represents the mean locomotor activity of the saline- 
treated control group. N=11/group. * p<0.05, significantly different from controls. 
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Fig. 2. Comparison of behavioral toxicity (locomotor activity) of sodium selenite (0.8 mg/kg Se) and 

selenomethionine (4.0 mg/kg Se) at equitoxic doses (one-fourth LD10). The dashed line at 100% represents the 
mean locomotor activity of the saline-treated control group. N=11/group. * p<0.05, significantly different from 
controls. 

behavioral toxicity was compared at equitoxic doses, based on the LD10, locomotor activity was significantly 
depressed 2 hr after administration of selenomethionine (4.0 mg/kg or one-fourth LD10) (Figure 2). Sodium 

selenite administration at 0.8 mg/kg or one-fourth LDI0 significantly depressed locomotor activity at 0.25 hr and 
0.5 hr, with a return to normal at 0.75 hr. 

Radioprotection was observed when either sodium selenite (0.8 and 1.6 mg/kg) or selenomethionine (0.8,1.6, and 

4.0 mg/kg Se) were injected before or shortly after irradiation. In general, time of administration did not 

significantly influence percentage of survivors. At 9 Gy, approximately 80% of mice survived when they were 

treated with either 4.0 mg/kg selenomethionine or 0.8 mg/kg sodium selenite, whether the drug was administered 
at -24 hr, -1 hr, or +15 min with respect to irradiation. Figure 3 shows the survival patterns of mice irradiated at 9 
Gy with a low dose rate (0.2 Gy/min) and treated 15 min after irradiation. 

At 10 Gy (the highest radiation dose at which protection could be observed), there was still a statistically 
significant increase in survival of irradiated mice when selenomethionine was injected at one-fourth LD10 (4.0 

mg/kg Se), whereas survival after sodium selenite treatment was inconsistent. Table 1 details the radioprotective 
effects of selenomethionine at 9-Gy and 10-Gy exposures. 

0 5 10 15 20 25 30 
Time Postirradiation (days) 

Fig. 3. Survival of irradiated mice (9 Gy, 0.2 Gy/min ^’Co) after administration (IP, +15 min) of sodium selenite 

(0.8 mg/kg Se) or selenomethionine (4.0 mg/kg Se) at equitoxic doses (one-fourth LDin). N= 18-28/group. Treated 
groups were significantly different from controls, p<0.(K)l. 
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TABLE 1 Effect of Time of Administration and Radiation Dose 
('»Co, 0.2 Gy/min) on Radioprotection 

by Selenomethionine (4 mg/kg Sc)1 

30-Day Survivors 

Time 9 Gy 10 Gy 

Saline controls 23% 0% 
-24 hr 93%*** 36%*** 
-Ihr 71%** 21%* 
+ 15 min 79%*** 35%** 

'N = 14-28/group. 
*p<0.05, **p<0.01, ***p<0.001, significantly different from saline-treated 
control group. 

Radioprotection by Combinations of Sodium Selenlx and WR-2721 

The effect of Se as sodium selenite on the acute toxicity and radioprotective effect of WR-2721 was determined. 
Injection of 1.6 mg/kg sodium selenite 24 hr before WR-2721 (800-1200 mg/kg, IP) decreased the lethal toxicity 
of WR-2721 significantly /11/. The radioprotective effect of WR-2721 was enhanced when selenite was injected 
24 hr before WR-2721 (200-400 mg/kg IP 0.5 hr before irradiation) at 1 Gy/min (Table 2). The DRF for 30-day 
survival after 400 mg/kg WR-2721 was 2.6 with sodium selenite, compared to 2.2 without selenite pretreatment. 
One-hundred percent survival could be obtained at 20 Gy and 22 Gy when a dose of 600 mg/kg WR-2721 was 
given after pretreatment with sodium selenite /11/. Sodium selenite injection alone (1.6 mg/kg Se) 24 hr before 
“Co irradiation increased survival (DRF = 1.1). 

In subsequent studies, we used lower doses of sodium selenite and WR-2721. Mice were pretreated with sodium 
selenite, or selenite and WR-2721 were administered simultaneously IP. Table 3 summarizes data obtained in 
various studies /3,11, and unpublished/. 

TABLE 2 Effect of Pretreatment With Sodium Selenite on Radioprotective 
Efficacy (“Co, 1 Gy/min) of WR-27211 

30-Day Survivors 

Radiation Control Selenite WR-2721 Selenite WR-2721 Selenite 
dose (saline) only (200 mg) + WR-2721 (400 mg) + WR-2721 
(Gy) (200 mg) (400 mg) 

8.5 
9.0 
10.0 
14.0 
16.0 
18.0 
20.0 
22.0 
24.0 

50% 
0%* 

0% 

100% 
* 

100% 
0% 

69% 
„ _ * 
0% 

100% 
100% 100% 
75%* 96% * 
17%*** 83%*** 
6%* 38%* 
0%* 31%* 

-, not tested. 
‘Sodium selenite (1.6 mg/kg Se) injected IP 24 hr before WR-2721 treatment IP. N=16-24/group. 
*p<0.05, **p<0.01, ***p<0.001 significant difference between groups with and without selenite. 
Data from /11/. 
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TABLE 3 Effects of Sodium Selenite Administered in Combination with WR-2721 

Sodium Selenite Time of Endpoint and Effect of 
Dose (mg/kg Se) Administration Sodium Selenite on WR-2721 

0.8,1.6 -24 to-3 hr 
0.4, 0.8, 1.6 -24 to -3 hr 

0.8 Simultaneously 
with WR-2721 

0.8 Simultaneously 
with WR-2721 

0.8 Simultaneously 
with WR-2721 

0.4 -24 hr 

Decreased lethal toxicity 
Increased radioprotection with 0.8 
and 1.6; inconclusive with 0.4 

Increased radioprotection 

Decreased lethal toxicity 

Increased behavioral toxicity in 
nonirradiated mice 

No difference in behavioral 
toxicity in irradiated or 
nonirradiated mice 

Radioprotection by WR-2721 increased when the agents were administered simultaneously IP, as well as when 
mice were pretreated with sodium selenite (0.8 mg/kg Se). Although the lethal toxicity of WR-2721 decreased 
when sodium selenite (0.8 mg/kg Se) was administered simultaneously, the behavioral toxicity did not. 

DISCUSSION 

A number of investigators have studied radioprotection by Se compounds /12, 13, 14/. Not all studies published 
on survival of irradiated rodents showed protection. We estimated, based on published studies and our studies, 
that protection did not exceed a DRF of 1.2 with any Se compound. Our studies were performed at a relatively 
low dose rate (0.2 Gy/min), and we do not know whether similar results would be obtained at higher dose rates. 

The present study provides the first clear indication that the survival of irradiated experimental animals is 
increased significantly when Se compounds are administered either before or after irradiation. Although Se 
compounds, such as selenomethionine, may act as free radical scavengers /15/, this is probably not the only 
mechanism of radioprotection, because protection is obtained when the agents are injected 24 hr before, shortly 
before, and after irradiation. This window of radioprotection is similar to that observed with immunomodulators, 
such as endotoxin and interleukin-1, and differs from radioprotection by most sulfhydryl compounds, such as the 
phosphorothioates /3/. That certain antioxidants or free radical scavengers are also active when administered 
postirradiation provides evidence that protection involves modulation of later reactions, e.g., interaction of 
radiation-induced radicals of biomolecules with reactive oxygen species evolved during normal cellular processes 
/7,16/. 

Immunological mechanisms cannot be discounted as contributing to the overall radioprotective effect, because Se 
enhances functions of immunocompetent cells /17/. Sodium selenite injection at -20 hr increased hematopoietic 
stem cells (endogenous spleen colony-forming unit assay) and contributed to accelerated hematopoietic 
regeneration when used together with WR-2721 and glucan /18/. It is unlikely that compounds that can be 
administered after radiation will have a greater effect than those that must be administered before radiation that 
intercept or immediately repair damage or enhance repair mechanisms. However, from a practical point of view it 
is important to develop postirradiation therapeutic agents to enhance biochemical, physiological, and 
immunological responses. The availability of compounds, especially "natural agents" to protect against acute and 
long-term effects of low doses of radiation when administered before or after exposure would be especially 
beneficial for space travel. 

According to Foye /12/, Se compounds have been generally ineffective in vivo, although in vitro studies suggest 
that Se derivatives often are more effective radioprotectors than their sulfur analogs /15/. Radioprotection in 
rodents has been demonstrated with both inorganic and organic Se compounds. Effective inorganic compounds 
studied were colloidal Se /19/ and sodium selenite /20/; it is unclear whether sodium selenate is active /20/. 
Organic compounds having a positive effect in either mice or rats include 2-aminoselenoazoline /21/, selenourea, 
selenocystine, selenoxanthene, selenoxanthone, and selenochrome /19/. 
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There are conflicting reports on the protective effects of selenomethionine with respect to survival. The present 
study clearly shows protection when mice are treated parenterally with selenomethionine, and a previous study 
showed a small degree of protection in rats /19/. Studies in which selenomethionine was provided in the diet as 
selenous yeast or selenomethionine indicate no protection against acute /22, 23/ or chronic /24/ radiation exposure, 
although another group reported protection of rats with selenous yeast /25/. Our studies suggested a small degree 
of protection when sodium selenite was given in drinking water (4 ppm) to mice fed a semisynthetic diet. After 2 
weeks of treatment before irradiation and during the 30-day observation period postirradiation, survival increased 
by 12 percent after exposure to 9-Gy “'Co radiation, which increased further (25%) when vitamin E was added to 
the diet /26/. The results further indicated that the increased Se intake, and especially increased Se/vitamin E 
intake, helped maintain serum and liver levels of glutathione peroxidase that were depressed 1-4 days after 9-Gy 
radiation exposure /26/. This study supported the concept of synergistic effects of vitamin E and Se in protection 
from oxidative damage /27/. However, a double deficiency of vitamin E and Se, did not affect the survival of 
irradiated mice /28/, although a preliminary study of this group indicated an effect /29/. Cekan and coworkers 
demonstrated a decreased incidence of radiation-induced malformations when diets of female mice were 
supplemented with selenomethionine /30/ and when sodium selenite was injected during pregnancy /31/. 
Generally, it is easier to observe radioprotection when Se derivatives are injected rather than administered in the 
diet. Most of the radioprotection observed with Se compounds results from "pharmacological" doses, although in 
some models, radioprotection by doses in the "nutritional range" may also be possible /30/. 

There appears to be only in vitro evidence that Se might protect against radiation-induced carcinogenesis /32/, 
although many animal studies have clearly demonstrated that inorganic and organic Se protect against chemical 
carcinogenesis /33-36/. Because of this evidence, L-selenomethionine and sodium selenate have been proposed 
for human clinical trials on chemoprevention /33/. The majority of animal studies have been done using either 
sodium selenite or selenomethionine /35, 36/. Other organic compounds with some activity in mice include p- 
methoxybenzeneselenol, benzylselenocyanate, selenobetaine, and selenobetaine methyl ester/36/. Ebselen, a 
mimic of glutathione peroxidase in which the Se moiety is not available for metabolism, was inactive /36/. As 
proposed for Se chemopreventive agents /36/, the most effective Se-containing radioprotective compounds may 
have to be metabolized. Figure 4 shows the various routes of metabolism of active Se compounds, as suggested 
by Ganther, Ip, and others /34-36/. 

The differences in metabolism of sodium selenite and selenomethionine may account for differences in 
radioprotection and toxicity. The delayed behavioral toxicity of selenomethionine compared to sodium selenite 
(Figure 2) may indicate a slower metabolism of the former compound, with toxicity resulting from a metabolite. 
Other studies have indicated that selenomethionine lacks other toxic effects (e.g., hypothermia) observed with 
sodium selenite /37/. Sodium selenite reacts readily with glutathione to yield selenodiglutathione, and hydrogen 
selenide forms as a key intermediate after several steps. Hydrogen selenide is also a key intermediate in the 
metabolism of selenomethionine but not of all Se compounds. Some of the intermediates formed may have 
radioprotective effects by themselves. Both selenite and selenomethionine can serve as precursors of the amino 
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Fig. 4. Proposed pathways for the metabolism of sodium selenite, selenomethionine, and other protective Se 
compounds. 
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acid selenocysteine, which is incorporated into glutathione peroxidase, and of other antioxidant selenoproteins. 
Glutathione peroxidase and various selenoproteins may provide the antioxidant (radioprotective) activity. 
However, it is possible that selenomethionine itself provides protection because it exhibits strong glutathione 
peroxidase activity /38 and unpublished/. 

The relative importance of glutathione peroxidase activity in contrihuting to the radioprotective effects of Se 
compounds requires turther suidy. Glutathione peroxidase(s) catalyzes the reduction of various organic 
hydroperoxides and hydrogen peroxide to lipid alcohols or water, respectively, with glutathione as the hydrogen 
donor. Glutathione peroxidase activity in tissues can be increased in humans by dietary supplements of various 
Se-containing compounds, but the activity remains constant when the Se level in whole blood reaches a certain 
level /34/. Studies on the effects of Se may he obscured by the fact that there are multiple forms of glutathione 
peroxidase that may be regulated differently by the level of available Se. Other selenoproteins that are not well 
characterized also may be important physiological antioxidants. The increase in radioprotection and decrease in 
lethal toxicity observed on combined treatment with selenite and WR-2721 may be due partially to the increase in 
glutathione peroxidase in bone marrow and other tissues after pretreatment with sodium selenite /8/. It is also 
possible that other endogenous protective organometallic compounds form when sodium selenite is injected 
(Figure 4) and contribute to the radioprotective effect of WR-2721. Results of studies on radioprotection by 
combinations of selenomethionine and phosphorothioates are not yet available. The interaction of Se, the free thiol 
of WR-2721, and oxygen may also affect cell radiosensitivity /39/. 

Although earlier work suggested that glutathione peroxidase was an important factor in cell radiosensitivity /40/, 
recent in vitro studies, in contrast to animal studies, have demonstrated that adding Se to cultured cells with 
subsequent induction of glutathione peroxidase did not result in radioprotection of the cells /41,42/. In a similar 
way, other in vitro studies have shown that large increases in glutathione /43/ or superoxide dismutase /44/ do not 
always result in radioprotection. It is becoming clear that a balance of the antioxidant enzymes (e.g., glutathione 
peroxidase, superoxide dismutase, catalase) is more important than changes in any one enzyme /6, 44/. Despite 
incomplete information on the optimum levels of glutathione peroxidase and other endogenous antioxidant 
systems in humans, we propose that it is important to maintain optimum cellular levels, especially when an 
individual would be susceptible to oxidative damage and physiological protectors may not be functioning at full 
capacity, including spaceflight. Future studies on chemoprotection by Se compounds in humans, including 
determination of maximum safe doses, will provide important information on the potential of these compounds for 
use in spaceflight to protect against the acute and long-term effects of radiation exposure. 

ACKNOWLEDGEMENTS 

This research was supported by the Armed Forces Radiobiology Research Institute (AFRRI), Defense Nuclear 
Agency, under work units 00162 and 00139. Dr. V. rinivasan is a National Research Council-AFRRI research 
associate. 

REFERENCES 

1. D.E. Davidson, M.M. Grenan and T.R. Sweeney, Biological characteristics of some improved 
radioprotectors, in: Radiation Sensitizers, Their Use in the Clinical Management of Cancer, ed. L.W. Brady, 
Masson, New York 1980, p. 309. 

2. V. Bogo, Behavioral radioprotection, Pharmacol. Ther. 39, 73 (1988). 

3. J.F. Weiss, K.S. Kumar, T.L. Walden, R. Neta, M.R. Landauer and E.P. Clark, Advances in radioprotection 
through the use of combined agent regimens, hit../. Radiar. Biol. 57, 709 ( 1990). 

4. M.R. Landauer, T.L. Walden and H.D. Davis, Behavioral effects of radioprotective agents in mice: 
Combination of WR-2721 and 16, 16 dimethyl prostaglandin E2, in: Frontiers in Radiation Biology, ed. E. 
Riklis, VCH Publishers, New York 1990, p. 199. 

5. M.R. Landauer, H.D. Davis, K.S. Kumar and J.F. Weiss, Behavioral toxicity of selected radioprotectors, this 
issue. 

6. D. Glover, L. Riley, K. Carmichael, B. Spar, J. Click, Z. Agus, E. Slatopolsky, M. Attie and S. Goldfarb, 
Hypocalcemia and inhibition of parathyroid hormone secretion following administration of WR-2721 (a 
radioprotective and chemoprotective agent), N. Engl. J. Med. 309, 1137 ( 1983). 



(2)230 J. F. Weiss et al. 

7. J.F. Weiss and K.S. Kumar, Antioxidant mechanisms in radiation injury and radioprotection, in: Cellular 
Antioxidant Defense Mechanisms, Vol. II, ed. C.K. Chow, CRC Press, Boca Raton 1988, p. 163. 

8. K.S. Kumar, Y.N. Vaishnav and J.F. Weiss, Radioprotection by antioxidant enzymes and enzyme mimetics, 
Pharmacol. Ther. 39, 301 (1988). 

9. M.R. Landauer, H.D. Davis and T.L. Walden, Behavioral and physiological effects of leukotriene C4, 
Prostaglandins Leukot. Essent. Fatty Acids 39, 247 (1990). 

10. D.J. Finney, Statistical Methods in Biological Assays, MacMillan, New York 1978. 

11. J.F. Weiss, R.L. Hoover and K.S. Kumar, Selenium pretreatment enhances the radioprotective effect and 
reduces the lethal toxicity of WR-2721, Free Radie. Res. Commun. 3, 33 (1987). 

12. W.O. Foye, Radioprotective drugs, in: Burger's Medicinal Chemistry, ed. M.E. Wolff, John Wiley & Sons, 
New York 1981, p. 11. 

13. D.L. Klayman and E.S. Copeland, Radioprotective agents, in: Kirk-Othmer: Encyclopedia of Chemical 
Technology, Vol. 19, John Wiley & Sons, New York 1982, p. 801. 

14. R.J. Shamberger, Biochemistry of Selenium, Plenum Press, New York 1983, p. 294. 

15. F. Shimazu and A. L. Tappel, Selenoamino acids as radiation protectors in vitro, Radiat. Res. 23, 210 (1964). 

16. J.F. Weiss, Y.N. Vaishnav, E. Radha and K.S. Kumar, Cellular antioxidant mechanisms and radioprotection, 

in: Recent Trends in Radiobiological Research, ed. P. Uma Devi, Scientific Publishers, Jodhpur 1990, p. 99. 

17. L. Kiremidjian-Schumacher and G. Stotzky, Selenium and immune responses. A review. Environ. Res. 42, 
277 (1987). 

18. M.L. Patchen, T.J. MacVittie and J.F. Weiss, Combined radioprotection: The use of glucan and selenium 
with WR-2721, /ni. J. Radiat. Oncol. Biol. Phys. 18,1069 (1990). 

19. A. Breccia, R. Badiello, A. Trema and M. Mattii, On the chemical radioprotection by organic selenium 
compounds in vivo, Radiat. Res. 38,483 (1969). 

20. Z.M. Hollo and S. Zlatarov, The prevention of X-ray death by selenium salts given after irradiation, 
Naturwissenschaften Al, 328 (1960). 

21. I. Kozak, L. Kronrad and Z. Dienstbier, Distribution and behavior of isoselenium salts in organism. 111. 

Radioprotective effect of selenium derivatives, Strahlenther. Onkol. 150, 539 (1975). 

22. H.D. Hurt, W.H. Allaway and E.E. Cary, The effects of dietary selenium on the survival of rats exposed to 
whole body irradiation, Fedn. Proc. 299, 499 (1970) Abstr. 

23. A.M. Connor, K.P. McConnell and C.P. Sigdestad, Absence of radioprotection in mice fed enriched seleno¬ 

methionine yeast, in: Abstracts of Papers for the 32nd Annual Meeting of the Radiation Research Society, 
Orlando 1984, p. 106. 

24. H.D. Hurt, E.E. Cary, W.H. Allaway and WJ. Visek, Effect of dietary selenium on the survival of rats 
exposed to chronic whole body irradiation, 7. Nutr. 101, 363 (1971). 

25. I. Djujic, M. Demajo, M. Mandi ' and M. Spasic, Influence of pretreatment with selenous yeast on radiation 

sensitivity, in: Abstracts of 3rd International Conference on Anticarcinogenesis and Radiation Protection, 
Dubrovnik 1989, p.l 12. 

26. A.J. Jacobs, W.A. Rankin, V. Srinivasan and J.F. Weiss, Effects of vitamin E and selenium on glutathione 

peroxidase activity and survival of irradiated mice, in: Proceedings of the 7th International Congress of 
Radiation Research, ed. J.J. Broerse, G.W. Barendsen, H.B. Kal and A.J. van der Kogel, Martinus Nijhoff, 
Amsterdam 1983, D5-15. 



Radiuprotection by Melais (2)231 

27. C.K. Chow, Interrelationships of cellular antioxidant defense systems, in: Cellular Antioxidant Defense 
Systems, vol. II, ed. C.K. Chow, CRC Press, Boca Raton 1988, p. 217. 

28. G. Batist, A. Reynaud, A.G. Katki, E.L. Travis, M.C. Shoemaker, R. F. Greene and C.E. Myers, Enzymatic 

defense against radiation damage in mice. Effect of selenium and vitamin E depletion, Biochem. Pharmacol. 
35,601 (1986). 

29. C.E. Myers, A. Katki and E. 1 ravis, Effect of tocopherol and selenium on defenses against reactive oxygen 

species and their effect on radiation sensitivity, Ann. N.Y. Acad. Sei. 393, 419 (1982). 

30. E. Cekan, P. Slanina, K. Bergman and B. Tribukait, Effects of dietary supplementation with 

selenomethionine on the teratogenic effect of ionizing radiation in mice, Acra Radiol. 24, 459 (1985). 

31. E. Cekan, B. Tribukait and H. Vokal-Borek, Protective effect of selenium against radiation-induced 
malformations in mice, Acta Radiol. 24, 267 (1985). 

32. C. Borek, A. Ong, H. Mason, L. Donahue and J.E. Biaglow, Selenium and vitamin E inhibit radiogenic and 

chemically induced transformation in vitro via different mechanisms, Proc. Natl. Acad. Sei. USA 83, 1490 
(1986). 

33. C.W. Boone, GJ. Kelloff and W.E. Malone, Identification of candidate cancer chemopreventive agents and 
their evaluation in animal models and human clinical trials: A review, Cancer Res. 50, 2 (1990). 

34. Proceedings of the Workshop, Strategies Needed to Develop Selenium Compounds as Cancer Preventive 
Agents, J. Am. Coll. Toxicol. Vol. 5, 1986. 

35. C. Ip, Selenium inhibition of chemical carcinogenesis, Fedn. Proc. 44, 2573 (1985). 

36. C. Ip and H.E. Ganther, Activity of methylated forms of selenium in cancer prevention, Cancer Res. 50, 1206 
(1990). 

37. C. Watanabe, T. Suzuki, T. Ohba and Y. Dejima, Transient hypothermia and hyperphagia induced by 
selenium and tellurium compounds in mice, Toxicol. Lett. 50, 319 (1990). 

38. K.A. Caldwell and A.L. Tappel, Glutathione peroxidase activity of selenocystine and selenomethionine, 
Biochemistry 3, 1643 (1964). 

39. K.S. Kumar and J.E. Weiss, Effect of metals on oxygen consumption by radioprotective thiols in vitro, in: 
Frontiers in Radiation Biology, ed. E. Riklis, VCH Publishers, New York 1990, p. 209. 

40. S.L. Marklund, N.G. Westman, G. Roos and J. Carlsson, Radiation resistance and the CuZn superoxide 

dismutase, Mn superoxide dismutase, catalase, and glutathione peroxidase activities of seven human cell 
lines, Radial. Res. 100, 115 (1984). 

41. B.E. Sandstrom, K. Grankvist and S.L. Marklund, Selenite-induced increase in glutathione peroxidase 

activity protects human cells from hydrogen peroxide-induced DNA damage, but not from damage inflicted 
by ionizing radiation, Int. J. Radial. Biol. 56, 837 (1989). 

42. B.E. Sandstrom, J. Carlsson and S. Marklund, Selenite-induced variation in glutathione peroxidase activity of 

three mammalian cell lines: No effect on radiation-induced cell killing or DNA strand breakage, Radiat. Res. 
117,318 (1989). 

43. A. Russo and J.B. Mitchell, Radiation response of Chinese hamster cells after elevation of intracellular 
glutathione levels, Int. J. Radiat. Oncol. Biol. Phys. 10,1243 (1984). 

44. M. D. Scott, S. R. Meshnick and J. W. Eaton, Superoxide dismutase amplifies organismal sensitivity to 
ionizing radiation, J. Biol. Chem. 264, 2498 (1989). 

JASR 12:2/3-P 



DISTRIBUTION LIST 

DEPARTMENT OF DEFENSE 

ARMED FORCES INSTITUTE OF PATHOLOGY 
ATTN: RADIOLOGIC PATHOLOGY 

DEPARTMENT 

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE 
ATTN: PUBLICATIONS DIVISION 

ARMY/AIR FORCE JOINT MEDICAL LIBRARY 
ATTN: DASG-AAFJML 

ASSISTANT TO SECRETARY OF DEFENSE 
ATTN: AE 
ATTN: HA|IA) 

DEFENSE NUCLEAR AGENCY 
ATTN: TITL 
ATTN: DDIR 

DEFENSE TECHNICAL INFORMATION CENTER 
ATTN: DTIC-DDAC 
ATTN: DTIC-FDAC 

FIELD COMMAND DEFENSE NUCLEAR AGENCY 
ATTN: FCFS 

INTERSERVICE NUCLEAR WEAPONS SCHOOL 
AFIN: RH 

LAWRENCE LIVERMORE NATIONAL LABORATORY 
ATTN: LIBRARY 

UNDER SECRETARY OF DEFENSE (ACQUISITION) 
ATTN: OUSD| A)/R&AT 

DEPARTMENT OF THE ARMY 

HARRY DIAMOND LABORATORIES 
ATTN: SLCHD-NW 
ATTN: SLCSM-SE 

LETTERMAN ARMY INSTITUTE OF RESEARCH 
ATTN: SGRD UL-B1-R 

SURGEON GENERAL OF THE ARMY 
ATTN: MEDDH-N 

U.S. ARMY AEROMEDICAL RESEARCH LABORATORY 
ATTN: SCIENTIFIC INFORMATION CENTER 

U.S. ARMY ACADEMY OF HEALTH SCIENCES 
ATTN: HSHA-CDF 

U.S. ARMY CHEMICAL RESEARCH, DEVELOPMENT, AND 
ENGINEERING CENTER 

ATTN: DIRECTOR OF RESEARCH 

U.S. ARMY INSTITUTE OF SURGICAL RESEARCH 
ATTN: DIRECTOR OF RESEARCH 

U.S. ARMY MEDICAL RESEARCH INSTITUTE OF CHEMICAL 
DEFENSE 

ATTN: SGRD UV-R 

U.S. ARMY NUCLEAR AND CHEMICAL AGENCY 
ATTN: MONA-NU 

U.S. ARMY RESEARCH INSTITUTE OF ENVIRONMENTAL 
MEDICINE 

ATTN: DIRECTOR OF RESEARCH 

U.S. ARMY RESEARCH OFFICE 
ATTN: BIOLOGICAL SCIENCES PROGRAM 

WALTER REED ARMY INSTITUTE OF RESEARCH 
ATTN: DIVISION OF EXPERIMENTAL 

THERAPEUTICS 

DEPARTMENT OF THE NAVY 

NAVAL AEROSPACE MEDICAL RESEARCH LABORATORY 
ATTN: COMMANDING OFFICER 

NAVAL MEDICAL COMMAND 
ATTN: MEDCOM-21 

NAVAL MEDICAL RESEARCH AND DEVELOPMENT COMMAND 
ATTN: CODE 40C 

OFFICE OF NAVAL RESEARCH 
ATTN: BIOLOGICAL SCIENCES DIVISION 

DEPARTMENT OF THE AIR FORCE 

BOLLING AIR FORCE BASE 
ATTN: AFOSR 

BROOKS AIR FORCE BASE 
ATTN: USAFOEHL/RZ 
ATTN: USAFSAM/RZ 
ATTN: AL/OEDR 

NUCLEAR CRITERIA GROUP, SECRETARIAT 
ATTN: PL 

SURGEON GENERAL OF THE AIR FORCE 
ATTN: HQ USAF/SGPT 
ATTN: HQ USAF/SGES 

U.S. AIR FORCE ACADEMY 
ATTN: HQ USAFA/DFBL 

OTHER FEDERAL GOVERNMENT 

BROOKHAVEN NATIONAL LABORATORY 
ATTN: RESEARCH LIBRARY. REPORTS 

SECTION 

CENTER FOR DEVICES AND RADIOLOGICAL HEALTH 
ATTN: HFZ-110 

DEPARTMENT OF ENERGY 
ATTN: ER-72 GTN 

GOVERNMENT PRINTING OFFICE 
ATTN: DEPOSITORY RECEIVING SECTION 
ATTN: CONSIGNED BRANCH 

LIBRARY OF CONGRESS 
ATTN: UNIT X 

LOS ALAMOS NATIONAL LABORATORY 
ATTN: REPORT LIBRARY/P364 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
ATTN: RADLAB 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION, 
GODDARD SPACE FLIGHT CENTER 

ATTN: LIBRARY 

NATIONAL CANCER INSTITUTE 
ATTN: RADIATION RESEARCH PROGRAM 

NATIONAL LIBRARY OF MEDICINE 
ATTN: OPI 

U.S. ATOMIC ENERGY COMMISSION 
ATTN: BETHESDA TECHNICAL LIBRARY 

U.S. FOOD AND DRUG ADMINISTRATION 
ATTN: WINCHESTER ENGINEERING AND 

ANALYTICAL CENTER 

U.S. NUCLEAR REGULATORY COMMISSION 
ATTN: LIBRARY 

RESEARCH AND OTHER ORGANIZATIONS 

BRITISH LIBRARY (SERIAL ACQUISITIONS) 
ATTN: DOCUMENT SUPPLY CENTRE 

CENTRE DE RECHERCHES DU SERVICE DE SANTE DES 
ARMEES 

ATTN: DIRECTOR 

INHALATION TOXICOLOGY RESEARCH INSTITUTE 
ATTN: LIBRARY 

INSTITUT FUR RADIOBIOLOGIE 
ACADEMIE DES SANITATS UND GESUNHEITSWESESNS DER 
BW (WEST GERMANY) 

ATTN: DIRECTOR 

KAMAN TEMPO 
ATTN: DASIAC 

NBC DEFENSE RESEARCH AND DEVELOPMENT CENTER OF 
THE FEDERAL ARMED FORCES (WEST GERMANY) 

ATTN: WWDBW ABC-SCHUTZ 

NCTR-ASSOCIATED UNIVERSITIES 
ATTN: EXECUTIVE DIRECTOR 

RUTGERS UNIVERSITY 
ATTN: LIBRARY OF SCIENCE AND MEDICINE 

UNIVERSITY OF CALIFORNIA 
ATTN: LABORATORY FOR ENERGY-RELATED 

HEALTH RESEARCH 
ATTN: LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CINCINNATI 
ATTN: UNIVERSITY HOSPITAL, RADIOISOTOPE 

LABORATORY 


