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Quinolone Therapy of Klebsiella pneumoniae Sepsis following Irradiation:
Comparison of Pefloxacin, Ciprofloxacin, and Ofloxacin

I1zHAK BROOK.'! THOMAS B. ELLIOTT. AND G. DAVID LEDNEY

Wound Intection Management Program. Experimental Hematology Department. Armed Forces
Rudiobiology Research Instituee, Bethesdu, Marviand 20814-51458

BrooKk. .. ErLiorT, T. B.. AND LEDNEY. G. D. Quinolone
Therapy of Klebsiella pneumoniae Sepsis following Irradiation:
Comparison of Pefloxacin. Ciprofloxacin. and Offoxacin. Ra-
diat. Res. 122,215-217 (1990).

Exposure to whole-body irradiation is associated with fatal
gram-negative sepsis. The effect of oral therapy with three quin-
olones. pefloxacin, ciprofloxacin. and ofloxacin, for orally ac-
quired Klebsiella pneumoniae infection was tested in B6D2F1
mice exposed to 8.0 Gy whole-body irradiation from bilaterally
positioned *’Co sources. A dose of 10* organisms was given
orally 2 days after irradiation. and therapy was started 1 day
later. Quinolones reduced colonization of the ileum with K.
pneunioniae: 16 of 28 (57%) untreated mice harbored the organ-
isms. compared to only 12 of 90 (13%) mice treated with quin-
olones (P < 0.005). K. pneumoniae was isolated from the livers
of 6 of 28 untreated mice. compared to only 1 of 90 treated mice
(P < 0.001). Only 5 of 20 (25%) untreated mice survived for at
least 30 days compared with 17 of 20 (85%) mice treated with
ofloxacin. 15 of 20 (75%) mice treated with pefloxacin. and 14
of 20 (70%) treated with ciprofloxacin (P < 0.05). These data
illustrate the efficacy of quinolones for oral therapy of orally ac-
quired K. pneumoniae infection in irradiated hosts. < 1990

Academie Press. Ing

INTRODUCTION

lonizing radiation reduces the host’s defenses to infection
{1y and enhances its susceptibility to systemic infection due
to endogenous and exogenous organisms (2. 3). Klehsiella
prewmoniaeis one of the most frequent causes of gram-neg-
ative bacteremia (4. 3) and is especially prevalent in immu-
nocompromised patients (6).

Therapy for severe systemic intection due to gram-nega-
tive bacteria generally involves the use of aminoglycosides
in combination with J-lactam antibiotics (7). However.
several recently devetoped quinolone compounds have ex-
hibited high in virro bactencidal activity against most gram-
negatine bactenia. including A preumoniae (8).

Towhom reprint requests should be addressed
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In this study. we evaluated the ethcacy of oral therapy with-
several quinolones in a model of experimental septicemia
due to orally ingested A pnewmoniae in irradiated mice.

MATERIALS AND METHODS

Anomals

Female B6D2F mice approximately 10 weeks of age were obtained
from Jackson Laboratones (Bar Harbor. ME) All animals were hept i
quarantine for about 2 weeks betore being transterred to a room with a [2-
h light-dark ¢yele Representative samples were examined to ensure the
absence of specific bacteria and common munne diseases. Animals were
maintained at an AAALAC accredited facility in microisolator cages on
hardwood chip bedding and provided commercial rodent chow and acidi-
fied water (pH 2.2) that was changed to tap water 48 h betore irradiation
All expenmental procedures were done in comphiance with National Inst-
tute of Health and Armed Forces Radiobiology Research institute
{AFRRD) gutdehines regarding animal use and care.

Cohali-60 Irradiation

Mice were placed in Plexiglas restrainers and exposed to 8.0 Gy whole-
body irradiation at 0.4 Gy/min from bilaterally positioned “'Co sources.
Dose determinations were made using a 50-ml AFRRI-designed tissuc-
equinalent 1omization chamber calibrated against a National Institute of
Standards and Technology tonization chamber. The dose within the expo-
sure held vaned by 3% as determined by thermal luminescence dosimetn
conducted within tissue-equirvalent mouse phantoms.

Bacteria

The stramn used 1n this study was a chinical i1solate of A preuntontae with
a capsule type S (AFRRI No. 7). We have used this strain tn previous ani-
mal studies (). The orgamisms were hanvested in the loganthmie phase
of growth in brain heart infusion (BBL) media. A concentration of 10
orgamisms per | mlsaline was prepared. and a volume of 0.1 mi was fed 1o
cach antmal by gasage using a blunt ssrainge. This number of organisms
was used sinee ingestion of fower number of bactena did not produce o
high mortality rate in the animals

Lntnicrobals

Peflovactn (Rhone-Poulenc-Sante. Anthony Ceden. France). ciproflon-
acin (Miles Inc.. West Haven, CTh. and oflonacin (Ontho Pharmaceutical
Corp . Runtan. N were obtaimed from their manufacturers. Standard
powder formulations with known petencies were used tor i e and i
vive studies. Peflovacm and aproflonacin (28 mg/hg) were administered

[LIRRPRA Y RV IR S AT
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every 12 hin 0.1 ml of water by gavage. In the case of oftoxacin 40 mg/kg
was given once every day.

Antimicrobial Serum Concentration

Serum concentrations of the antimicrobials were measured in six mice
I and 11} hatter oral adininistration of pefloxacin and ciprofloxacin and |
and 23} h after oral administration of ofloxacin on the fifth day of therapy.
Bacillus subtilis ATCC 6633 was used as a test organism, and Mueller-
Hinton agar (pH 7.4) was used as a test agar.

In Vitro Susceptibility

Minimal inhibitory concentrations and minimal bactericidal concentra-
tions were determined in Muetler-Hinton broth that was inoculated with
an inoculum of (.5 x {0° organisms per miililiter from an overnight cul-
ture. The values for minimal inhibitory concentration/minimal bacterici-
dal concentration for K. pnewmnoniae used in this study were as follows:
pefloxacin. 0.06/0.06 ug/ml; ciprofloxacin. 0.03/0.03 ug/ml: and ofloxa-
cin, 0.06/0.12 ug/ml.

Microbial Methods

Animals challenged with bacteria were observed for mortality and signs
of disease for 30 days. Five animals were selected at random for each group
on Days 4. 6, 8. 10. and 12 following irradiation. Cultures were also ob-
tained from another group of mice whenever the animals showed signs of
serious illness and were monbund. Animals were killed by cervical disloca-
tion. Specimens of livers were processed for microbial cultures. No other
organs were processed and no blood samples were obtained. since previous
studies showed that liver cultures correlated best with the presence of sepsis
(3). The livers were removed aseptically and homogenized immediately.
The ileumn was opened. and ileal content samples were obtained using a
swab. The liver and stool specimens were swabbed onto blood and Mac-
Conkey agars. and the organisms were identified using conventionat meth-
ods (10).

Experimental Design

Forty-cight hours following irradiation. each mouse was fed 10® organ-
isms. This time of feeding was chosen after preliminary data indicated that
the animals became susceptible to K. pneumoniae sepsis when they were
fed gram-negative bacteria 48 h after irradiation (Brook. Elliott, Ledney.
unpublished data). The increased susceptibility 10 sepsis as a result of oral
feeding 48 h after irradiation with gram-negative bacteria is similar to what
we observed with Pseudomonas aeruginosa (11). Antimicrobial therapy
was initiated 24 h later and was administered for 7 days. A total of 240
mice were included in each of the experiments, and each experiment was
done three times. However. since the microbiological and mortality data
were consistent. only the data from one experiment are reported. Each
experiment was composed of the three antibiotic therapy groups and the
untreated control group. Each therapy or control group consisted of 60
mice: 20 were observed for mortality. 30 were used for cultures of liver
on the designated days. and 10 were used for cultures of livers of morbid
animals.

Statistical Methods

Statistical analyses were done using the Cox-Mantel Test (/2).

RESULTS

Mortality

Mortality in the groups that received each of the quin-
olones was significantly less (P < 0.05) than that of the un-
treated mice, but the groups were not different from each

SHORT COMMUNICATION
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FI1G. 1. Survival of y-irradiated mice B6D2F1 (8.0 Gy) fed 10* K

pneumoniae and treated orally with three quinotones. The data shown are
from one experiment. Two repeated experiments yielded similar results.

other (Fig. 1). Only 25% of the untreated mice survived.
compared with 85% of those treated with ofloxacin. 75% of
those treated with pefloxacin, and 70% of those treated with
ciprofloxacin.

Isolation of Organisms in Liver

Klebsiella pneumoniae was isolated in 6 of the 28 (21%)
randomly selected untreated animals. There was no correla-
tion between the time following irradiation and the isola-
tion of K. pneumoniae. Klebsiella pneumoniae was recov-
ered in only 1 of 30 (3%) animals treated with pefloxacin
and in none of those treated with ciprofloxacin or ofloxacin
(P < 0.05). However, K. pneumoniae was recovered from
95% of moribund animals of ail therapy or control groups.

Isolation of Organisms in lleal Contents

Klebsiella pneumoniae was isolated in ileal content speci-
mens of 16 of 28 (57%) untreated mice, compared to only
12 of 90 (13%) treated with quinolones (P < 0.005). The
rate of isolation of K. pneumoniae in quinolone-treated
mice was 4 of 30 (13%) mice treated with pefloxacin. 5 of
30 (17%) mice treated with ciprofloxacin, and 3 of 30 (10%)
mice treated with ofloxacin (P < 0.005).

Antibiotic Serum Concentration

Mean serum concentrations of pefloxacin were as fol-
lows: 2.4 (+0.3 yg/mlyat 1 hand 0.2 (0.1 ug/mi)at 11! h
after administration of the antimicrobial. Mean concentra-
tions of ciprofloxacin were 2.8 (£0.5 ug/ml)at 1 hand 0.2
(0.1 pg/ml) at 11} h. Mean concentrations of ofloxacin
were 2.6 (0.4 ug/ml)at | hand 0.4 (+0.2 ug/ml)at 234 h.

DISCUSSION

This study demonstrates that the three quinolones.
pefloxacin, ciprofloxacin, and ofloxacin, can reduce the col-
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onization of the ileum and the development of subsequent
septicemia with K. pneumoniae in irradiated mice. It sup-
ports the findings of Trautmann et al. (13), who observed
the efficacy of ciprofloxacin in the management of systemic
K. pneumoniae infection in neutropenic mice.

We have developed a model of acquired K. pneumoniae
infection tn irradiated mice that may represent the mode of
acquisition of external pathogens into an irradiated host.
We have previously shown that irradiated animals develop
fatal septicemia due to orally administered P. aeruginosa
(11). We have also observed that the number of the endoge-
nous aerobic and anerobic bacteria in the gastrointestinal
tract declined 24 h following irradiation and the decline was
maximal at 7 days (/4). The decrease in the number of that
endogenous bacterial flora may make the host more suscep-
tible to the acquisition of external pathogens such as K.
pneumoniae.

The ability of K. pneumoniue to cause systemic infection
in irradiated mice may be due to the following factors: the
bactenal void created in the gut following the decline in the
number of other organisms, the increased permeability of
the mucosal cells damaged by irradiation, and the decrease
1n the local and systemic immune defenses.

The effectiveness of quinolones in the therapy of K. pneu-
moniae infection may be attributed to their local inhibition
of the organism’s growth within the gut lumen, while pre-
serving the anaerobic gut flora (/5). and to their systemic
antibacterial activity against the organisms that spread to
other body sites. The duration of quinolone therapy is yet
to be determined. Although minimal mortality occurred
following termination of therapy at Day 11, longer therapy
might have prevented the mortality noticed after that day.
Further studies are underway to determine the optimal du-
ration of therapy.

Selective decontamination of the gut with orally adminis-
tered quinolones is used to prevent sepsis in immunocom-
promised hosts (/5. 76). These agents were also found to be
effective in the management of septic episodes in neutro-
penic patients.” The availability of an oral route of adminis-
tration, the advantage of achieving selective inhibition of
potential pathogens in the gut. and the ability to treat sys-
temic infection make the quinolones promising agents for
the therapy of irradiated hosts.
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Biomedical Lessons From the

Chernobyl Nuclear Power Plant Accident

ARME” - ALE, 3ACICHOLOGY
RESEAACKH ~NSTITUTE

SCIENTIFIC REPORT

SR91-2
Lt Col Doris Browne, MC*

The Chernobyl nuclear accident afforded the treating physicians a chance to observe clinical ARS in man, defiming the degree
of severity according to average radiation dose exposure. and 1o make prognoses for the individual panents on the course
of the ARS. based on biological criterta. The author gives a detailed account of the climcal cause of the disease including
3l avalable laboratory values. She provides valuable data that can be utilized in handling similar accidents in the future.

The world’s worst radiation accident
occurred at the Chernobyl nuclear
power plant in the USSR during the
early hours of April 26, 1986. This ac-
cident unleashed megacuries of radio-
active contamination into the atmos-
phere, generated an explosive blast
that knocked the thousand-ton lid off
the top of the reactor, and sent burn-
ing graphite and heat in a pilume about
three miles high. The aftermath and
significance of this disaster are still
being realized in the USSR and neigh-
boring countries.

Details of the accident were re-
ported at the International Atomic
Energy Agency {IAEA) meeting held
in Vienna, Austria, in August 1986,
and summarized in IAEA Safety Series
Technical Report No. 75.'-2 This report
summarizes the basic information on
casualties, triage, and treatment, and
the radionuclides released into the
atmosphere. The immediate casual-
ties included only plant personnel,
firemen, and auxiliary staff present at,
or in the vicinity of the accident site.

These casualties were all subject to
the combined effects of the following:
short-term beta/gamma radiation re-
leased in the emission cloud; external
beta/gamma radiation from fragments
of the damaged reactor core scat-
tered through the accidemt site; in-
halation of gaseous and aerosolized
dust composed primarily of radio-
isotopes of cesium, plutonium, and
iodine; and beta/gamma particles de-

*Chuef. Madical Operations Division, Military Re-
quirements and Applications Department. Armed
Forces Radiobiology Research Institute, Bethesda,
MD 20814,

Supported by the Armed Forces Radiobiology Re-
search Institute, Defensa Nuclear Agency. Views
presented in thig paper are those of the author:
no endorsement by the Defense Nuclear Agency
has besn given or shouid be inferred.
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posited on the skin and mucous mem-
branes from the molten steam and
dust. Wet clothing contaminated by
the steam and dust provided another
source of contamination.

Within 15 minutes of the acident,
first aid was provided by middle level
medical personnel and emergency
team members. Individuals with acute
symptoms were transported to the
hospital in Pripyat, where the initial
screening took place; others in satis-
factory condition were instructed to
go to the hospital for examination. The
initial care consisted of antiemetics,
symptomatic . 1edication, and stable
saturated potassium iodide. The spe-
cialized emergency team of radiation
accident specialists arrived at the
accident site within 12 hours and,
with the on-site medical personnel,
screened and triaged more than 350
persons within the first 36 hours. Dur-
ing the first 24 hours, 132 persons
were hospitalized; one individual died
from severe thermal burns during the
first hour, and another worker (a re-
actor operator) was unaccounted for
and believed to be buried under the
collapsed debris.

The triage officer, a physician,
made decisions based on the initial
symptoms and lymphocyte counts.
Persons with severe symptoms were
hospitalized with clinical complaints
of acute radiation sickness (ARS).
Three hundred of these patients were
sent to a specialized treatment center
in Moscow and another 200 were
sent to a hospital in Kiev. The 237
hospitalized individuals received sig-
nificant combined radiation effects
from the extensive beta/gamma ex-
posure, which was generally external
and relatively uniform over the whole

Lt Col Doris Browne, MC, :s Chief, Meaical
Operations Division, Miitary Requirements
and Appiications Department IMRA). Armed
Forces Radiobrology Research institute 1AFRRA!)
She 1s a licensed physician in hematology-
oncology. Dr. Browne artended medical schooi
at Georgetown University. and compieted an
internship and residency in internal medicine
at Walter Reed Army Medical Center. She
was a fellow in hematology and oncoiogy
at Walter Reed Army Maedical Center She
joined the statf of William Beaumont Army
Medical Center, El Paso, Texas as the Assis-
tant Dirgctor of the Hematology-Oncoiogy
Clinic, Department of Medicine. She joined
the staff of the AFRRI as Chief of the Med-
ical Operations Division and 1s responsible
for the Medical Effects of the Nuclear Weapons
(MENW/| Course and all technology transfer
activities at the institute. She s the Officer-
in-Charge of the Medical Radiobiology Ad-
visory Team (MRAT) that recently sponsored
the First Consensus Development Conference
on the Treatment of Radiation Injuries. A sum-
mary report of this conference was subiished
in an international journal and the proceedings
of the conference are in press. She is a member
of the American Society of Clinical Oncology
Amaerican College of Physicians, and the Na-
tional Medical Association.

body, as well as with the intake of ad-
ditional radionuclides through inhala-
tion. These patients were diagnosed
as having ARS resulting from exten-
sive beta radiation burns to the skin
and significant whole-body gamma
radiation exposure.

The diagnostic criteria used to assess
the presence of ARS was the presence,
intensity, and duration of symptoms
i@, nausea, vomiting, and erythema of
the skin and mucosa); time of onset;
and the peripheral lymphocyte count,
which decreased to less than 10%L
during the first 24 hours following
radiation exposure in patients with
ARS. During the first 36 hours after
the accident, the 237 hospitalized
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persons were diagnosed as having a
clinical pattern consistent with first
degree through fourth degree ARS.
After admission to the hospital, they
were monitored again for contamina-
tion and, when necessary, decon-
taminated with soap, water, and a
clothing change. Routine samples of
urine and blood were drawn for anal-
ysis, and thyroid scanning was per-
formed. The radiation dose received
was estimated by counting the num-
ber of aberrant chromosomes (dicen-
trics) in cultured lymphocytes {(cyto-
genetic analysis). The diagnosis of
ARS was confirmed during the first
five days for persons admitted to
the Moscow Hospital. Approximately
seven days after the accident, the
radiation dose was estimated and the
patients were categorized into four
groups according to prognosis and
severity of hematopoietic syndrome
(Table ). Twenty-two injured persons
were classified as having fourth de-
gree (extremely severe) ARS; 23 as
having third degree {severe) ARS; 53
as having second degree (moderate)
ARS; and 139 as having first degree
{mild) ARS.3

Meutrophil count was used to de-
termine finally the magnitude of radia-
tion dose. The parameter used was
the time required for the neutrophils
to decreuse to 0.5 x 10%L, based on
data collected over a period of up to
three months in cases that exhibited
typical postirradiation platelet and/or
neutrophil counts with distinct de-
pletion and restoration phases. Com-
plete blood counts were performed
two to three times per week for two
to three months. This data was used
to definitively confirm the diagnosis

and prognosis of ARS. Hyperamylas-
emia was used as a supplementary
diagnostic tool.

Treatment consisted of supportive
therapy. which included selective anti-
microbial intestinal decontamination,
reverse isolation, empiric systemic anti-
biotic administration, and transfusion
replacement of blood and blood prod-
ucts. Definitive treatment of allogeneic
bone marrow transpiantation (BMT)
and human embryonic liver cell trans-
plantation (LCT) was performed on
patients with irreversible myelosup-
pression. A sterile environment was
maintained through strict observance
of hand washing by all attending per-
sonnel upon entering and leaving the
room; mandatory use of disposable
gowns, masks, and caps; antiseptic
decontamination of footwear; chang-
ing of patient undergarments daily;
antiseptic washing of walls, floors
and items used in the room; and indi-
vidually assigned antiseptically treated
nursing items. Isolation rooms pro-
vided air sterilization with uitraviolet
lamps. The microorgamsm population
was maintained at less than 500m3
in the room air. Raw fruits and veg-
etables and canned products were
eliminated from the patients’ diet.*

The decision was made early to
perform BMT on patients with third
and fourth degree ARS and possible
irreversible myelosuppression.® These
patients vomited within the first half-
hour, suffered from diarrhea during
the first one to two hours, and from
swelling of the parotid gland during
the first 24 to 36 hours of exposure,
In addition to myelosuppression.

Infections, manifested by the on-
set of fever and neutropenia, were

Table |. Diagnostic Categories for Acute Radiation Sickness (ARS)

Degree of ARS Dose (cGy) Severity of ARS Prognosis
i 100-200 Mitd Very favorable
1] 200-400 Moderate Relatively favorable
i 400-600 Severe Doubtful
v > 600 Extremely severe Poor
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treated with intravenous administra-
tion of triple broad-spectrum anti-
biotics, including aminoglycoside,
cephalosporin and semi-synthetic
penicillin. If this regimen did not re-
duce the fever within 48 hours, three
or four doses of gamma globulin were
administered. An intravenous anti-
fungal (amphotericin B} was admin-
istered if the neutropenic fever per-
sisted for seven days, along with the
antibiotics and gamma globulin. Pa-
tients with herpes simpiex were given
acyclovir. Approximately one third of
the patients with third and fourth
degree ARS had the herpes virus.
Viral skin lesions were treated with
topical acyclovir. No deaths were
attributed to bacterial intection alone
in patients with hematopoietic syn-
drome. However, infectious complica-
tion was the primary cause of death
in patients with ARS compiicated by
thermal burns, radiation-induced en-
teritis, or acute graft-versus-host
disease from BMT. The etiology of
terminal septicemia, documented by
surveillance cultures, was most often
trom Staphylococcus epidermid

The hematopoietic syndrome was
treated with prophylactic and thera-
peutic fresh random donor plateiets
when the platelet count dropped 10
20 x 10%L or lower, or with the first
sign of bleeding. Transfusions usu-
ally were required every one to three
days. To inactivate the immunocom-
petent cells from the donor, all blood
components were irradiated with
1,500 cGy of gamma radiation before
transfusion. Only one person received
single donor platelets. While the ma-
jority of patients showed no evidence
of overt bleeding, autopsy results dis-
closed micro-circulatory failure and very
porous capillaries in several organs.
In some situations, cryo-preserved
autologous platelets, as well as allo-
geneic platelets, were used success:
fully. Autoiogous plateiets were taken
from patients with second and third
degree ARS on the first day post-
irradiation. Platelet transfusions pre-
vented life-threatening bleeding. Three
to eight transfusions ¢t 250cc per
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person were . .ad to treat patients
with secor ! and third degree ARS.
No evidence of refractoriness de-
veloped. A considerable number of
packed red blood cells were trans-
fused in patients with second and
third degree ARS accompanied by
severe radiation burns.

Allogeneic BMT taken from 113
random related donors was performed
on 13 patients with third and fourth
degree ARS. Additionally, six patients
with fourth degree ARS received
embryonic LCT, which contained
stem cells and few immunocompe-
tent cells to decrease the risk of
developing acute graft-versus-host
disease (Table ). Fifty percent (seven
patients) of the BMT patients died
within 17 days of transplantation (15
to 25 days following radiation ex-
posure) from acute radiation injury
to lung, intestine, and/or skin. The
remaining six patients did not have
severe skin burns or intestinal injuries
but received a total radiation dose
estimated to be between 440 and
1,020 cGy. Two of the six patients
survived BMT (having received 560cGy
and 870 cGy doses, respectively) from
haplo-identical female (sisters) donors.
Both experienced transient partial en-
graftment of the transplanted mar-
row before rejection 32 and 35 days
after BMT, respectively, with res-
toration of their own myelopoiesis
after 28 days. These two patients
are still alive at more than three
and one half years after the acci-
dent.5 A 62-year-old female patient
who received LCT lived for 30 days;
postmortem findings showed evidence
of regeneration of her own myelo-
poiesis, indicated by female cell karyo-
type. She had received a male donor
transplant.* ®

The effectiveness of BMT in an
emergency situation may be limited to
patients receiving less than 900 cGy
of gamma radiation with at least 1%
of marrow stem cells remaining, no
skin or intestinal radiation injuries,
and no combined injury.” Seven of
the 13 BMT patients died of skin and
intestinal injuries before the trans-
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Table ll. Transplantation Cases. Estimated Radiation Dose, and Outcome.

Degree of ARS  Dose (cGy!) Trestment  Day of Death  Cause of Death
v 920 8MT 15 Skin; pneumonitis
v 1200 BMT 17 Skin; Gl injury
v 1180 BMT 18 Skin; Gt injury
v 1000 BMT 18 Skin: Gl injury
m 550 BMT 21 Hemorrhage'
\Y 830 BMT 24 Pneumonitis
v 660 BMT 25 ARDS: toxicity
" 440 BMT? 34 Mixed infection: GVH
Y 640 BMT3 48 Mixed infection: GVH
\ 750 BMT? 86 Mixed infection. GVH
v 1020 BMT* 91 Mixed infection; GVH
i 560 BMTS Alive
v 870 BMTS Alive
v 1110 LCT 14 Skin; Gl injury
v > 1000 LCT 14 Skin: Gl injury
v 1370 LCT 15 Skin; Gl imury
v 1240 LCT 17 Skin: Gl injury
v 1090 LCT 18 Skin: Gl injury
v 830 LcTé 30 Toxicity: ARDS
Note BMT = bone marrow transplantanon: LCT = uver cell transptantatron Gl = gastromntestinai mury

GVH = graft-versus-host; ARDS = acute respiratory distress syndrome respiratory nsutficiency)
'Hemorrhage from mechanical trauma dunng catheterization.

2BMT trom haplo - ! «dentical donor but own myelopoiesis restored

ISMT from HLA-dentical donor

4BMT from haplo-identical donor but own myelopoiesis restared
SBMT from hapio-dentical donor rejected. own myeloporesis restored
SLCT trom male. postmortem evidence of own myaiopoiesis being restored

planted marrow engrafted. While re-
covery of autologous myelopoiesis
may occur following large doses of
radiation exposures, such as experi-
enced by those patients with third
and fourth degree ARS, it is unknown
if this occurred due to transient en-
graftment of transplanted stem cells.

Radiation-induced skin injuries (beta
radiation burns) were seen only in
combination with hematopoistic syn-
drome radiation injury. Skin doses of
radiation were estimated to be 10 to
20 times greater than bone marrow
or whole-body doses, confirming the
uncontrolled, nonuniform nature of
radiation accident exposure. These
skin injuries, according to their sever-

ity, duration, and recurrence, contrib-
uted significantly to the overall patho-
physiology and outcome of the patient.
Severe skin injuries were manifested
by diffuse hyperemia; secondary ery-
thema; dry and wet desquamation
with blistering, ulceration, and necro-
tic dermatitis; recurrent waves of ery-
thema; and after evidence of healing
of the primary lesions, edema, fever,
and a worsening of the patient’s clin-
ical picture.* Topical treatment was
necessary, with glucocorticoids and
analigesia in the more severe cases.
Pain control was relatively ineffec-
tive, especially topical anesthes:a,
which seems to be typical for radia-
tion injuries.
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Burns were fatal in the 19 of 56 pa-
tients with radiation burns on > 40%
to 100% of body surface area.® If early
secondary erythema over > 40% body
surface area was present, a clinical
picture of febrile-toxemia, followed by
hepatorenal insufficiency, encephal-
opathy with cerebral edema, coma,
and death resulted 14 to 48 days post-
irradiation. Plasmai. heresis was used to
control the hepatorenal insufficiency.'*
This treatment prolonged survival
shghtty but did not prevent death
from enceohalopathic coma. The
burns may have been the primary
cause of death in some cases; how-
ever, in most cases, the burns were
associated with severe hematopoietic
syndrome and severe acute gastro-
intestinal syndrome {enteritis).

In ten patients, the gastrointestinal
syndrome was the life-threatening
manifestation of ARS, with severe
diarrhea suggesting a radiation dose
greater than 1,000 cGy. All of these
patients died within three weeks of ir-
radiation. When the enteritis persisted
in spite of supportive fluid and elec-
trolyte therapy, death may have been
caused solely by the gastrointestinal
syndrome.

Large amounts of thick rubber-like
mucous formed in the oropharyngeal
area of about 82 patients and in some
cases resulited in respiratory difficulty.
Initially, some patients showed be-
nign acute radiation-induced inflam-
mation of cheeks, tongue, and gums.
Those having third and fourth degree
ARS had, in addition to the rubbery
mucous plugs. painful erosions and
ulcers of oral mucosa, which required
sterile saline irngation and frequent
debridement. In a significant number
of patients this radiation-induced In-
flammation was complicated by sec-
ondary bacterical and viral infections.

In one third of the patients with
severe hematopoietic syndrome, her-
petic lesions formed massive crusts
on the lips and face about three to
four days postirradiation. Patients
with fourth degree ARS and herpetic
lesions also developed radiation-induced
parotitis. inability to salivate, and re-
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sulting hyperamyiasemia.® No treat-
ment was indicated for the parotitis,
which gradually resolved; salivation,
however, recurred very siowly.

Rapidly intense dyspnea with acute
respiratory insufficiency (adult respi-
ratory distress-like syndrome) was
seen in seven patients with third and
fourth degree ARS. This condition
rapidly progressed for two to three
days leading to death. Postmortem
examination revealed enlarged blue
lungs with interstitial edema but no
destruction of mucous membranes of
the trachea and bronchi. These pa-
tients also had severe skin and in-
testinal radiation injuries.

Beta radiation caused early damage
to the eye tissues; erythema of the
eyelid, with increased vasculature of
the lid, and conjunctiva. Cutaneous
changes were manifested by waves
of erythema, hyperpigmentation, and
scaling. Partial epilation of the eye-
brows was transient, and all patients
retained their eyelashes. (Scalp hair
growth recovered fully.) Other eye
changes noted were decreased cor-
neal sensitivity and superficial radia-
tion-induced keratitis, which regressed
over one to two months without corneal
opacification. Treatment for the eye
changes inciuded topical ointments to
the eyelid skin and eyedrops of 20%
albucid, sophradex, and vitamin solu-
tions into the conjunctival cavity.*
One severely ill patient with fourth
degree ARS, who survived the acute
phase, developed angioretinopathy
with hemorrhage and plasma dis-
charges about five months post-
irradiation. He aiso had persistent
low diastolic pressure in the central
retinal artery. He is one of the two
surviving BMT patients. No radiation-
induced lens changes were observed
one year postirradiation.

Convalescence of three to four
months was required for those pa-
tients with first and second degree
ARS; a much longer period was
necessary tor those having third and
fourth degree ARS. The majority of
the patients have resumed work but
cannot work with radiation sources.

Periodic follow-up examinations were
made during the first year after the
accident. Patients usually had dys-
trophic and ulcerative skin lesions,
some with subcutaneous edema pri-
marily over the knees and feet. Skin
lesions were treated with agents that
improved local blood circulation and
tissue trophism. Five patients suf-
fered deep ulcers which required re-
peated plastic surgery.

The immunologic status of patients
with second, third, and fourth degree
ARS, tested 110 1.5 years after the ac-
cident showed a persistent decrease
in T-helper lymphocytes with an in-
crease in T-suppressor lymphocyte
activity and a significant decrease in
the helper-suppressor ratio. However,
there was no evidence of a decrease
in the absolute lymphocyte level or in
the T- and B-subpopuiations. These
changes in lymphocyte helper and
suppressor populations were not seen
in patients with first degree ARS. Dur-
ing the follow-up period, no severe or
life-threatening infections were noted
Immunocorrective therapy was at-
tempted using T- and B-activin in
several cases. Respiratory infections
occurred in three of eight patients
with third and fourth degree ARS and
only one of 22 patients with second
degree ARS. A competent immune
system remains critical in enhancing
microbial and viral resistance during
convalescence of the irradiated pa-
tient. A plan of long-term follow-up
observation remains in effect.

Conclusion

The consequences of the Chernoby!
radiation accident provide data on a
large group of critically ill patients
who received uniform whole-body rr-
radiation and required treatment of
ARS in a massive casualty situation
The event afforded the opportunity to
learn many lessons regarding the
biomedical etfects of ionizing radia-
tion and to clarity many aspects about
the early radiobiological effects in
humans. The accident also provided
data on severe and extensive beta
radiation skin injunes, which com-
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plicated the course of iliness and
played a significant role in the death
of 19 of the 31 patients. Combined
injuries consisting of trauma, thermal
burns, and radiation were the cause
of death in two patients very early in
the course of ARS. Clinical ARS was
aobserved in man, the degrees of se-
venty defined according to average
radiation dose exposure, and prog-
nosis made for the course of ARS
based on biological criteria. Informa-
tion for biological dosimetry was
obtained from karyotypical analysis,
lymphocyte counts, and symptoms
during the early stages of iliness; later
the granulocyte count proved to be
a useful dosimetric too!. While con-
tinuous data and follow-up assess-
ment is necessary, this information
should prove useful in responding
to radiation accidents and providing
effective medical care to the result-
ing casualties.
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SUMMARY

Increased susceptibility to bacterial infection. probably by translocation
from the inte.inal flora, can be a lethal complication for 2-3 weeks after ex-
posure to 1omizing radiation. Antibiotics alone do not provide adequate the-
rapy for induced infections in neutropenic mice. Because some substances that
are derived from bactenial cell walls activate macrophages and stimulate non-
specific resistance to infection, such agents might be used to prevent or treat
postirradiation infections. In this study, a cell-wall glycolipid, trehalose di-
mycolate (TDM). was evaluated together with a third-generation cephalo-
sporin, ceftriaxone, for their separate and combined effects on survival of
B6D2F 1 female mice that were exposed to the sublethal dose of 7.0 Gy “Co
radiation and challenged s.c. with lethal doses of Klebsiella pneumoniae. A
single injection of TDM (100 ug in 2% oil emulsion) inoculated i. p. 1 hr postir-
radiation increased 30-day survival to 80% after a lethal challenge by K. pneu-
moniae (10 LDy, ;) 4 days later. When the challenge dose of K. pneumoniae was
increased to 5000 LDy, 5, on Day 4, all mice died. Ceftriaxone (75 mg/kg) in-
jected i. m. from days 5 to 14 postirradiation increased survival to 70% after a
lethal challenge by K. pneumoniae of 5000 LDy, on Day 4. However, when
TDM and ceftriaxone were combined, survival was enhanced synergistically to
100% even when the dose of K. pneumoniae injected on Day 4 was 5000
LDy 3- These results indicate that a combination of an immunomodulator and
an antimicrobial agent will be more effective for treating postirradiation bac-
terial infections than either treatment alone in immunocompromised, neu-
tropenic mice.

ZUSAMMENFASSUNG

Die erhohte Empfindlichkeit gegeniiber bakteriellen Infektionen kann 2-3
Wochen nach Aussetzung gegeniiber radioaktiver Bestrahlung zu tédlichen
Komplikationen fithren, moglicherweise beeinfluBt durch die Translokation
von Mikroorganismen aus der Intestinalflora. Als Therapie fur induzierte In-
fektionen von Miusen mit einem Mangel an neutrophilen Zellen sind Antibio-
tika alleine nicht ausreichend. Da bekannt ist, daB einige, in Zellwinden von
Bakterien enthaltene Substanzen Makrophagen aktivieren und die unspezi-
fische Resistenz gegeniiber Infektionen stimulieren, besteht die Maglichkeit,
mit Hilfe solcher Agentien Infektionen nach Bestrahlung zu verhiiten oder zu
behandeln. Bei dieser Studie wurde Trehalose-Dimycolat (TDM). ein zellwand-
stindiges Glycolipid, zusammen mit einem Cephalosporin der dritten Genera-
tion, Ceftriaxon, auf ihre Einzel- und Kombinationswirkung auf das Uberleben
von B6D2F1 Mdusen weiblichen Geschlechts untersucht, die der sublethalen
Dosis von 7.0 Gy Kobalt-60-Bestrahlung ausgesetzt und mit subkutan appli-
zierten. lethalen Dosen von Klebsiella pneumoniae infiziert wurden. Eine ein-




zelne Injektion von TDM (100 p.g in 2% Ol-Emulsion), die intraperitoneal eine
Stunde nach Bestrahlung gegeben wurde, erhohte das 30 Tage-Uberleben auf
80% nach der lethalen Infektion mit Klebsiella pneumoniae (10 LDysy5y) 4 Tage
spiter. Bei Erhohung der Infektionsdosis von Klebsiella pneumoniae auf 5000
LDy, an Tag 4 starben alle Mduse. Die intramuskulire Injektion von Cef-
triaxon (25 mg/kg) in den Tagen 5 bis 14 nach Bestrahlung erhohte das
Uberleben auf 70% nach lethaler Infektion mit Klebsiella pneumoniae von 5000
LDy, 3 an Tag 4. Durch die synergistische Wirkung kombinierten TDM'’s und
Ceftriaxon’s wurde die Uberlebensrate jedoch auf 100% gesteigert, selbst bei
der Injektion einer Dosis von Klebsiella pneumoniae von 5000 LDy, an Tag 4.
Diese Resultate belegen, daB die Kombination eines immunmodulierenden und
eines antimikrobiellen Agens in der Behandlung von bakteriellen Infektionen
nach Bestrahlung immunkompromittierter Mduse mit einem Mangel an neu-
trophilen Zellen effektiver sind, als die Behandlung mit jeweils einem dieser

Mittel alleine.

INTRODUCTION

lonizing radiation causes an hematopoietic
syndrome in mice that induces prolonged neu-
tropenia and increased susceptibility to bac-
terial infections (SCHECHMEISTER, 1954).
Antibiotics alone do not assure cure of infec-
tions or survival of irradiated animals
(BROOK and ELLIOTT, 1989; BROOK et al.,
1989: MADONNA et al., 1989a; MADONNA
et al., 1989b). Consequently, there is a practical
need to develop effective therapeutic modalities
for infections following radiation injury.

Ceftriaxone 1s a third-generation se-
misynthetic cephalosporin that has a broad
spectrum of activity against bacteria and a long
elimination half-life (6-9 hr). which allows a
once-daily administration i.v. or i.m. Trehalose
dimycolate (TDM) is a bactenal cell-wall gly-
colipid (LEMAIRE et al., 1986), which has po-
tentially  beneficial  properties,  including
enhanced resistance to bacterial infections
{(YARKONI and BEKIERKUNST, 1976), ac-
tivation of macrophages with production of
mediators. such as interleukin-1, colony-sti-
mulating factors. and interferons (MA-
DONNA et al., 1986; RIBI. 1986: TENU et al.,
1980; YARKONI et al.. 1977).

We evaluated the separate and combined ef-
fects of TDM and ceftriaxone on survival in
mice that were made neutropenic by irradiation
and then challenged with Klebsiella pneu-
moniae. The data showed that the combination
of TDM and ceftriaxone protected irradiated
mice from a fatal infection.

METHODS

The animals, bacteria. radiation dose and
dosimetry, therapeutic agents. and statistical
evaluation were described (MADONNA ct al.,
1989: STEWART et al.. 1982).
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Mice were given TDM in 2% squalene oil-
0.2% Tween 80 emulsion (TDM/o), TDM in
0.9% NaCl-0.2% Tween 80 solution (TDM/s),
saline solution. or oil emulsion i.p. | hr after
7.0 Gy irradiation from ®Co. To determine the
effect of TDM against different challenge doses
of K. pneumoniae, 10, 100, 1000, and 5000
LDy ;, of the bacteria were injected s. c. four
days after irradiation, when the mice were neu-
tropenic (1 LDy, 4 = 1.2 x 10° CFU). Another
group of mice were given 5000 LDy, , K. pneu-
moniae and treated for ten days with either cef-
triaxone or water beginning one day after chal-
lenge with bacteria.

RESULTS

Either trehalose dimycolate or ceftriaxone
alone enhanced survival of mice that were leth-
ally challenged with K. pneumoniae 4 days after
sublethal radiation. Combined therapy with
TDM and ceftriaxone synergistically protected
mice from lethal challenge with K. pneumoniae
(Table 1).

Mean survival times for all treatments were
greater than for saline control for each ino-
culum (p < 0.001) and TDM/o enhanced
survival time more than TDM/s (p < 0.001),
except with 1.2 x 10* CFU/mouse (p = 0.0835).
Mean survival times were greater for combined
therapies than for single therapies: TDMjo-cef-
triaxone vs. ceftriaxone. p = 0.0165. TDM/o-
ceftriaxone vs. TDM/o-water, p < 0.001, and
TDM/s-ceftriaxone vs. ceftriaxone, p > 0.05.

Serum Concentration of Ceftriaxone.

Sera of a separate group of mice that re-
ceived 10.0 Gy gamma radiation contained an
average 142.6 (+2.2) pg ceftriaxone/ml 1.3 hr
after injection and 2.3 (+0.6) xg;ml 259 hr
after injection.




TABLE 1
Survival of Mice Challenged with Klebsiella pneumoniae and Treated with Combined Therapy
of TDM and Ceftriaxone.
LDy 30 Antibiotic % Survival®
K. preumoniae Therapy TDMjo TDM/s Saline Oil
5000 ceftriaxone 100 88 69 nd*
water 0 0 o° nd
1000 ceftriaxone 100 94 88 nd
water 13 0 0° 0°
100 nd 69 20 0 nd
10 nd 90 60 0 nd
*N = 16, except®n = 10and *n = 12;9nd = not done
DISCUSSION ACKNOWLEDGEMENTS

Our results with the combination of TDM
and ceftriaxone lead to a new method to
improve the treatment for bacterial infections
in irradiated hosts and the prognosis for
survival. Other combinations of an immuno-
modulator and an antibiotic synergistically
enhance survival of irradiated mice. Pefloxacin,
and other quinolones, given orally, prolonged
survival of lethally irradiated mice (BROOK,
I., et al.,1989) and was synergistic with glucan
F (PATCHEN, M., BROOK, I., and EL-
LIOTT, T. B., unpublished data). Although
the mechanism of action of TDM is unclear, it
may involve the release of specific cytokines
from macrophages. We are examining the ap-
plication of interleukin-1 in irradiated mice.

MADONNA and colleagues (1989a) used
the number of bacteria in livers of lethally irra-
diated mice as an indicator of septicemia
caused by translocated endogenous bacteria.
The number remained low in mice treated with
TDM from 7 to 11 days after irradiation, but
bacteria increased in mice treated with saline
solution. Similarly, both the incidence and the
mean numbers of streptomycin-resistant Esche-
richia coli in mesenteric lymph nodes decreased
in specific-pathogen-free mice that were treated
with killed Propionibacterium acnes (FULLER
and BERG, 1985).

These observations support the principle that
the nonspecific host defences must be enhanced
in neutropenic and immunosuppressed animals
in addition to use of antibiotics in order to pre-
vent death from bacterial infections.

We are grateful to William E. Jackson, 111,
for analysis of data on survival of mice. This re-
search was supported by Work Unit No. 4420-
00129 of the Armed Forces Radiobiology Re-
search Institute, Defense Nuclear Agency. The
views presented in this paper are those of the
authors. No endorsement by the Defense Nuc-
lear Agency has been given or should be in-
ferred. Research was conducted according to
the principles enunciated in the ,,Guide for the
Care and Use of Laboratory Animals® pre-
pared by the Institute of Laboratory Animal
Resources, National Research Council.
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Abstract

A novel, specific, and potent biological action of leukotriene C, (LTC,)
was demonstrated in the Chinese hamster lung fibroblast cell line V79A03
(V79 cells), namely the conferment of protection against subsequent 7-
irradiation. Consequently, studies were conducted to determine whether
LTC,-conferred radioprotection could be attributed to a receptor-mediated
phenomenon. Specific binding sites for leukotriene C, (LTC,) were
identified and characterized using intact V79 cells incubated at 4°C in
the presence of serine-borate, during which time conversion of LTC, to LTD,
or LTE, was undetectable. Binding was maximal in a broad region between
pH 6.2 and 8.8. Ca?', Mg?*, and Na* were not required for binding, and
binding was not altered by GTP, ATP, or cAMP, by leukotrienes B,, D,, or
E,, or by the leukotriene end point antagonists LY 171883, FPL 55712, or
Revlon 5901-5. Scatchard analyses and kinetic experiments indicated the
presence of high-affinity [Kd = 2.5 + 063 nM, approximately 9.9 x 10°
sites/cell] and low-affinity [Kd ~ 350 * 211 nM, approximately 2.7 x 10°
sites/cell] binding sites. The observed binding characteristics of LTC,
to V79 cells are consistent with a receptor-mediated phenomenon. 1In a
companion communication which follows this report, we report the
subcellular distribution of LTC, binding to V79 cells and demonstrate that
this binding is unlikely to be attributed principally to interaction with
glutathione-S-transferase.

Introduction

Eicosanoids have come under increasing scrutiny as possible agents to
alleviate the damaging effects of ionizing radiation and because elevated
eicosanoid synthesis by certain tumors is associated with their resistance
to chemotherapy and radiation therapy (l1). An in vitro model system was
recently described (2) to evaluate the radioprotective effects of
eicosanoids in the Chinese hamster lung fibroblast cell line V79A03 (V79
cells). In this system, pretreatment of V79 cells with leukotriene C,
(LTC,) elevated the cellular rate of postirradiation survival. The
radioprotective effects of LTC, on V79 cells were attenuated if the cells
to be treated were harvested from culture flasks by trypsin preincubation
(unpublished data), suggesting that the radioprotective effect of LTC,
depends on the presence of a proteinaceous factor present on the V79 cell
surface.

In addition to its effect in V79 cells, pretreatment with LTC, was
radioprotective in murine hematopoietic stem cells in vive (3) and
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enhanced animal survival following otherwise lethal radiation exposure
(4). The mechanism(s) by which LTC, induced this protection has not been
elucidated. The magnitude of the protection in vivo (3) was greater than
the protection observed in vitro (4), indicating that specific cellular
activities as well as physiological processes at the tissue and organ
level may be important in vivo. The V79 cell provides a controlled model
system in which to specifically study the cellular responses to LTC, that
are important in the radioprotective response. In view of the observation
that trypsinization attenuated LTC,-induced radioprotection in the V79
model, studies were conducted to assess the possibility that LTC, receptors
could be detected on V79 cells. The properties of LTC, interaction with
V79 cells are described in this communication. In the companion
communication that follows this report (5), we describe additional studies
that determine the subcellular localization of LTC, binding by V79 cells
and demonstrate that this binding site is distinct from that of
glutathione-S-transferase, which is known to bind LTC,.

Methods

Materjals. Leukotrienes were a gift from Dr. J. Rokach (Merck Frosst
Canada, Inc., Pointe Claire-Dorval, Quebec). Prostaglandir D, was a gift
from Dr. D. Morton (Upjohn, Kalamazoo, MI). Other unlabeled eicosanoids
were obtained from Cayman Chemical (Ann Arbor, MI). Tritiated eicosanoids
and Aquasol-2 were obtained from New England Nuclear (Boston, MA). The
leukotriene end point antagonists FPL 55712, LY 171883, and Revlon 5901-
5 were gifts from Dr. A. Taub (Fison Corp., Bedford, MA), Mr. W. Fields
(Lilly Research Laboratories, Indianapolis, IN), and Dr. T. P. Pruss
(Rorer Group, Inc., Tuckahoe, NY), respectively. Nucleotides, trypsin,
neuraminidase, hyaluronidase, glutathione-S-transferase, and l-chlor-2,4-
dinitrobenzene were obtained from Sigma (St. Louls, MO); Whatman glass-
fiber filters (GF/B) from Fisher Scientific (Pittsburgh, PA); Iscove's
Modified Dulbecco’s Medium (IMDM), Medium 199 (M199), Hank'’s buffered salt
solution (HBSS) and Ca?* ,Mg?'-free HBSS from MA Bioproducts (Walkersville,
MD); a-minimal essential wmedium (MEM) with Earl’s salts and fetal bovine
serum (FBS) from Gibco (Grand lsland, NY); and KINETIC-LIGAND program from
Elsevier-Biosoft (Cambridge, U.K.).

Cell Culture. Cells were grown either in MEM or IMDM supplemented with
10% FBS and maintained as monolayers in both culture flasks and roller
bottles at 37°C under humidified 95% air:5% CO,. Cells were harvested by
exposure for 10 min to 0.0028 EDTA in phosphate-buffered saline at pH
7.35. Harvested cells were washed, resuspended in HBSS, and counted using
a hemocytometer. All cells used in these experiments were harvested
during the log growth phase.

Binding Assays. Binding assays were conducted in a reaction buffer
composed of HBSS containing 25 mM HEPES and 10 mM serine-borate. Serine-
borate was added to block metabolism of LTC, (6). After completion of
studies to optimize time, pH, and temperature, incubations were conducted
in pH 7.35 reaction buffer at 4°C, in a shaking water bath for 30 min.
Assay tubes contained 10%-107 cells, 20-70 fmol [®H]-LTC, (specific
activity 40 Ci/mmol) and reaction buffer in a total volume of 50-100 ul.
Nonspecific binding was assessed by determining the binding of [®H]-LTC,
in the presence of excess unlabeled LTC, (16 uM). All binding assays were
conducted in triplicate or quadruplicate.
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Binding assays were terminated by dilution with 3 ml of ice-cold HBSS.
The cell-bound radioactivity was recovered either by centrifugation at
2000 x g for 5 min to pellet the cells followed by aspiration of the
supernatant or by filtration through Whatman GF/B filters on a Yeda
filtration manifold. Retentates were solubilized in scintillation fluid
(Aquasol-2), and bound radioactivity was assessed on a Tracor Analytic
Mark III scintillation counter. The centrifugation and filtration methods
yielded similar recoveries of tritiated ligand. Scatchard analyses were
performed by incubating aliquots of cells with tritiated ligand and graded
levels of unlabeled ligand from 0 to 16 uM/assay tube. The resulting
displacement curves were transformed to Scatchard plots using LIGAND. All
experiments reported herein were replicated at least once, and results are
presented as means * SEM unless otherwise indicated. Kinetic data were
evaluated using KINETIC.

d ec t o d uk ene t st
Specificity of LTC, binding was assessed by adding 1 pg of selected
eicosanoids (100 ul total volume) to assay tubes. The following

eicosanoids were individually tested: LTC,, LTA,, LTB,, LTD,, LTE,, PGA,,
PGB,, PGD,, PGE,, PGF,,, 5-HETE, and 12-HETE. Additional binding assays
were conducted in the presence of varying concentrations of the putative
leukotriene receptor antagonists LY 171883, FPL 55712, or REV 5901-5 and
using graded concentrations of the isomer 14,15-LTC,.

t c [*) e uireme . Cells were harvested in Caz’,Mgz'-
free HBSS that contained 0.002% EDTA. The pelleted cells were washed
twice in Ca?* ,Mg?*-free HBSS and aliquoted into four groups for binding
assays. Group (a) binding assays were conducted in 100 ul of Ca®' Mg?*-
free HBSS containing 0.02% EDTA; group (b) contained Ca?' ,Mg?*-free HBSS;
group (c) contained complete HBSS (9.5 x 10°* M Ca?* and 9.0 x 10°* M Mg?*);
and group (d) contained M199. Nucleotide requirements were assessed by
modifying the standard ligand assay to include 1 pg/tube of cAMP, ATP, or
GTP.

Ot 0 v . Specific binding
to V79 cells by PGD,, PGE,, PGF,,, LTD,, LTE,, and LTB, was examined by a
modification of the standard LTC, ligand assay replacing the [%H]-LTC, with
the other [3H]-labeled eicosanoids. Nonspecific binding was determined by
adding a 100-fold molar excess of the respective unlabeled eicosanoid.

d (¢) . Purity of leukotrienes was
routinely monitored by high-performance 1liquid chromatography (HPLC) prior
to use in binding assays. Reversed-phase HPLC was conducted as previously
described (2,7) using either a Beckman or 1KB GTi system with an
Ultrasphere (Beckman Inc., Columbia, MD) C-18 column, 4.6 x 250 mm, packed
with 5-um particles. Leukotrienes were eluted using 35% (v/v)
acetonitrile/water containing 0.1% acetic acid at a pH adjusted to 5.8
with ammonium hydroxide and at a flow rate of 1.0 ml/min. Unlabeled
leukotrienes were detected by absorbance at 280 nm. Tritiated
leukotrienes were located on chromatographs by .ollecting fractions and
assessing radioactivity with liquid scintillation counting or with an HPLC
flow-through radiation monitor (RAMONA-D; IN/US, Inc.).

Metabolism of [’H)-LTC, was assessed by incubating 10% cells witli 11Z [mol
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[*H)-LTC, at 4°C for periods of up to 1 hr. Following incubation, labeled
material was extracted from the assay mixture containing cells and medium
as described (2). Briefly, the pH of the medium was adjusted to 3.0 with
HCl, followed by addition of 100 ul of isopropyl alcohol and 2.0 ml of
ethyl acetate. This mixture was sonicated to maximize dissolution of the
cellular membrane and centrifuged at 1000 x g for 5 min. More than 98%
of the radiolabel was extracted. The extract was evaporated to drymess,
resuspended In HPLC mobile phase buffer, and analyzed by HPLC.
Radioactivity in the eluate was identified by coelution with known
standards.

All experiments were replicated at least once, with
equivalent results. Scatchard analyses were derived from displacement
curves in duplicate. Other determinations were conducted in triplicate.
Differences between treatments were assessed by student’'s t-test.

Results

Optimization of Binding Assay. The pH dependence of [*H]-LTC, binding was
examined using whole cells. Cells were pelleted by centrifugation, and
then resuspended in medium in which the pH of the reaction buffer was
adjusted with NaOH or HCl to 6.2, 6.8, 7.35, 8.0, 8.4, 8.8, or 9.2.
Binding assays were conducted as described in Methods. Binding plateaued
between pH 6.2 and 8.0 (Fig. 1) and decreased at higher pH values (>8.0).
Subsequent binding assays were conducted at pH 7.35.

30
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= N — Total Binding
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'L 20 ! 4 \.
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Fig. 1. Optimum pH for Binding of [3H]-LTC, to V79 Cells.
Total binding (w) was determined in assay tubes containing
10% cells and 1.3 nM [*H]-LTC,, incubated in 50 ul assay
buffer in which pH was adjusted with either NaOH or HCl.
Nonspecific binding (O) was assessed in parallel tubes
containing 16 uM unlabeled LTC,. Mean * S.D.
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Binding assays were optimized for incubation time and temperature.
Parallel sets of tubes with or without 1 uM unlabeled LTC, were incubated
for 0, 15, 30, 45, or 60 min at 4°, 22° and 37°C. This experiment was
conducted in the absence of serine-borate to assess the contribution of
cellular levels of 7-glutamyl transpeptidase to binding. Radiolabeled LTC,
was rapidly bound by cells (Fig. 2) and binding approached maximal levels
within 15 min at either 4°C or 22°C. Binding at 37°C was lower and more
variable than at lower temperatures (data not shown). HPLC analyses
(reported in reference 2) confirmed catabolism of [3H]-LTC, at the higher
temperatures. Parallel groups of tubes were incubated in the absence of
cells (cell blanks) at both 4°C and 22°C. Because binding at 4°C and 22°C
in both the nonspecific and cell blank groups were similar, for clarity
only the data from the 4°C incubation for these two groups are included
in Fig. 2. A better estimate of nonspecific binding was obtained by
increasing unlabeled LTC, from 1 uM to 16 uM. This reduced nonspecifically
bound radioactivity to levels not different from bound radiocactivity in
the absence of cells (data not shown). On the basis of these results,
subsequent binding assays were conducted in triplicate at 4°C for 30 min,
and nonspecific binding was assessed in the presence of 16 uM LITC,.

40

N N
o o

% Binding of [SH]-LTC4
S

Fig. 2. Time and Temperature Dependence of [*H]-LTC, Binding to
V79 Cells. Assay tubes containing 5 x 10% cells and 1.3 nM
(3H]-LTC, in 50 ul assay buffer were incubated for the indicated
times at 4°C (o) or 24°C (w). Parallel series of tubes were
incubated at 4°C containing 1 uM unlabeled LTC, (O) or lacking
cells (A). Mean ¥ S.D.

o 3H1- . To determine the rate of
association of [3H)-LTC, with the receptor, aliquots of the cells were
incubated for 2, 4, 6, 10, 20, 30, and 60 min (Fig. 3). To determine the
dissociation rate, 10 min after the incubations were initiated, 16 uM of
unlabeled LTC, was added to a parallel set, and those incubations were
terminated at the indicated times (Fig. 4). KINETIC was used to generate
lines that best fit the data.
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Association (Fig. 3) and Dissociation (FPig. 4) of [°H]-LTC, by Intact
V79 Cells. 10° cells/tube were incubated at 4°C with 1.3 nM [%H]-LTC,
in 50 ul assay buffer. Dissociation rate was monitored in tubes to
which 10 ul unlabeled LTC, (16 uM final concentration) was added after
an initial incubation of 10 min. All incubations were terminated by
filtration at indicated times. Curves were generated using KINETIC
and a two-site model (Association: 54% K, = 0.032 * 0.028; 46% K,,,,
- 0.86 + 0.23. Dissociation: 41% Ky, = 0.032 £ 0.013; 59% K,,,, =
0.77 £ 1.25).

Identification of Binding Products. V79 cells metabolize LTC, to LTD, and

LTE, when incubations are conducted at 37°C (2). Therefore, reversed phase
HPLC was used to assess radiolabeled products obtained after incubation
of V79 cells with [3H])-LTC,. No metabolism of LTC, was detected during
incubations at 4°C for up to 1 hr (Fig. 5), demonstrating that binding
was attributable to LTC, and not a metabolic product such as LTD, or LTE,.
This also suggested that the binding process did not alter the ligand, and
that when released from the binding site LTC, could bind again.

4

- LTCg

Counts

LTDg LTEg

o s 10 18 20 26 30
Time (minutes)

Fig. 5. High Performance Liquid Chromatrography (HPLC) Analysis
of [°H]-LTC, Binding Products. V79 cells were incubated with [%H]-
LTC,, then extracts were analyzed by HPLC as described in Methods.
Units of radiocactivity are not provided on the abscissa, because
area under the LTC, peak (10,000 dpm) accounts for all labeled
material recovered. Arrows indicate regions of elution of
authentic standards of LTD, and LTE,.

V79 cells were incubated with selected tritiated
eicosanoids to determine the presence of other classes of eicosanoid
receptors or specific binding sites. Incubations with tritiated PGD,,
PGE,, and PGF,, did not result in tracer binding that was displaceable by
100-fold molar excess of the respective unlabeled ligand. Incubations
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with tritiated LTD, resulted in minimal and inconsistent levels of specific

binding (data not shown).

Glutathione at concentrations of up to 3 uM had

no effect on {’H]-LTC, binding (data not shown).

Table 1.  Specificity of [%H]-LTC,
Binding.*
Eicosanold Control Binding (V)"
LTC, 16.6 £ 1.9°
LTA, 98.4 £ 5.2
LTB, 105.4 £ 8.5
LTD, 107.3 £ 15.9
LTE, 94.5 £ 8.7
PGA, 79.8 £ 8.5¢
PGB, 107.5 £ 5.1
PGD, 95.6 £ 3.7
PGE, 106.9 £ 3.5
PGF,, 126.3 £ 11.9
5-HETE 100.1 £ 4.8

* 10° cells/tube in 50 §l buffer
vere incubated at 4°C for 30 min
vith 30 fmol [*H]-LTC, and 1 ug
of each eicosanoid.

® (x t SEM)

Table 1 shows the capacity of
various eicosanoids to displace
(*H]-LTC,. Only LTC, and PGA,
competed with [%H])-LTC, for
binding to V79 cells. The isomer
of LTC, 14,15-LTC, competed with
[*H]-LTC, for binding, although
the displacement curve for 14,15-
LTC, was displaced appreciably to
the right of that by LTC, (Fig.
6).

To assess further the specificity
of LTC, binding, V79 cells were
incubated with compounds that have
reported leukotriene antagonist
activicy. The compounds LY
171883, FPL 55712, or REV 5901-5
did not affect LTC, binding (Fig.
7). Interestingly, binding
actually tended to be higher in

¢ P<.001 by t-test the presence of 1LY171883 or
REV5901-5.
100
< 0o o0 .
~
2 .*A-A-A'.\A\ an
-
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Fig. 6. Competition by 14,15-LTC, for Binding to V79 Cells.

Parallel displacement curves were conducted using LTC, (e) or the

14,15 isomer of LTC, (A).
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Fig. 7. Effect of Leukotriene Antagonists on LTC, Binding. 10® V79
cells were incubated at 4°C for 30 min with 1 nM [3H]-LTC, and
differing concentrations of either LTC, (o), LY 171883 (O), FPL
55712 (=), or REV 5901-5 ( ).

LTC, and LTD, binding to tissues may be influenced by monovalent and
divalent cations (8,9,10), and nucleotides (10,11). To determine if media
components influence the binding of LTC,, V79 cells were incubated with
(M) -LTC, in media of differing compositions. No difference in binding
was detected when assays were conducted in M199, HBSS, Ca?'/Mg?‘'-free HBSS,
Ca?*/Mg?*-free HBSS containing 0.01% EDTA, or 25 mM Tris-1 mM CaCl, (pH 7.35
in all buffers). Also, binding of [’H]-LTC, was not significantly altered
by inclusion of 1 ug/100 1 of cAMP, ATP, or GTP in HBSS (data not shown).

Scatchard Analyses. Scatchard analyses were conducted using either live
cells or cells that were previously frozen and stored in pellets at -80°C.
To determine if freezing affected Scatchard analyses, pools of V79 cells
were divided into two aliquots. One aliquot was placed on ice for 12 hr,
while the other was pelleted, frozen, and stored for 12 hr at -80°C.
Subsequent Scatchard analyses revealed no differences in LTC, binding
abundance or affinities (data not shown). A summary of Scatchard analyses
conducted on eight separate pools of cells was curvilinear, having high-
affinity [Kd = 2.5 + 0.63 nM; 9.9 x 10° sites/cell) and low-affinity [Kd
= 350 + 211 nM; 2.7 x 10°® sites/cell] binding sites (Fig. 8).

Discussion

LTC, plays a role in controlling the lungs (12,13,14,15), cardievascular
system (12,16) and smooth muscle (12). LTC,-immunoreactive neurons
identified in the hypothalamic median eminence (17), in which LTC, has been
demonstrated as a potent mediator of gonadotropin-releasing hormone (18)
and LTC, in very small amounts induces gonadotropin release from anterior
pituitary cells in vitro (17). Binding of LTC, to rat lung fibroblasts was
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correlated with stimulation of collagen by the treated cells (19).
However, the contribution of LIC, in regulation of some physiologic
processes has proven controversial because a number of cell and tissue
types contain "binding sites™ for LIC, without demonstrable biologic
responsiveness to LTC, (20).

3
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Fig. 8. Scatchard Analysis of [?H]-LTC, Binding Sites on V79
Cells. Incubations were conducted at 4°C for 30 min using 10°
cells and 1.3 nM of [%H]-LTC, per tube, while concentrations of
unlabeled LTC, ranged from 0-16 uM. Displacement curves were
transformed to Scatchard plots using LIGAND, which revealed high-
affinity (Kd = 2.5 * 0.63 nM) and low-affinity (Kd = 350 * 211 nM)
binding sites.

A series of criteria has been established for distinguishing receptor-
mediated events from events of a less specific nature. One summarization
of the events that classically elevate the events of a tissue-ligand
interaction to a receptor-mediated event (21) included the criteria of
drug displacement, correlation between drug affinity jin vitro and
pharmacological potency, regional distribution, subcellular distribution,
stereospecificity, saturability, reversibility and high affinity. Our
studies indicate that the interaction of LTC, with V79 cells satisfies
most, but not all, of the criteria describing a classical "receptor": our
studies demonstrate reasonable levels of saturability, reversibility,
stereospecificity, pharmacologic potency, and high affinity. Regional
distribution of binding is not applicable in our studies using a cell
line. The issue of subcellular distribution is assessed in the companion
communication (5), and the issue of drug displacement is addressed below.

As outlined in Table 1, competition with [3H]-LTC, for binding to the
intact V79 cell was specific for LTC, and was not displaceable to a
significant degree by other classes of leukotrienes or by a molecular
component of LTC,, glutathione. The 14,15-isomer of LTC, exhibited
approximately 10% potency. LTC, binding was not displaceable by a number
of structurally similar and pharmacologically similar compounds, including

OCTOBER 1990 VOL. 40 NO. 4 425




PROSTAGLANDINS

a long list of prostaglandins (Table 1). The inhibition of binding by PGA,
was unusual but repeatable and it is not known whether this was a direct
or indirect effect on the receptor protein. Specific antagonists for LTC,
are not presently available. There are several antagonists for LTD, and
LTE,, including FPL 77512 (9,22), LY 171883 (23), and REV 5901-5 (24), but
these compounds do not antagonize LTC, effects or binding to a great degree
(9,22,24). Therefore, it was not surprising that they were ineffective
antagonists to LTC, binding by the V79 cell, but they indicate common
specificity patterns among LTC, receptors. The specificity of the receptor
was further confirmed when these LTD, and LTE, antagonists did not compete
for the LTC, binding sites.

The curvilinear Scatchard plots describing LTC, binding to intact V79 cells
suggested either multiple classes of binding sites or negative
cooperativity in LTC, binding. Because the curvilinear Scatchard plots
were not demonstrable in binding assays using plasma membrane or nuclear
V79 cell preparations (5), it seems most likely that multiple classes of
binding sites were revealed in binding assays using intact V79 cells.
While the low-affinity binding sites on V79 cells were more abundant than
the high-affinity sites (low-affinity binding was approximately 70% of
total specific binding), the high-affinity sites on V79 cells were
relatively abundant in comparison with reported abundance in other cell
lines. For example, the cumulative binding site abundance using intact
V79 cells was approximately tenfold higher than that reported for the
DDTIM2F hamster smooth muscle cell line (25).

The binding affinities of LTC, to V79 cells correlated with doses of LTC,
that decreased the radiosensitivity of this cell line. In radioprotection
studies, pretreatment with 0.5 x 10"® M LTC, was minimally effective, while
2.5 x 10® M LTC, conferred greater radioprotection (2). Thus LTC,-
conferred radioprotection in the V79 cell 1line, while not a usual
physiologic event, nevertheless provides a correlation of pharmacological
potency with the affinity range determined for LTC, binding.

V79 cells metabolize LTC, to LTD, and LTE, when cultured at 37°C, and both
cells and tissue culture medium possess 7-glutamyl transpeptidase activity
(2). Enhanced degradation of LTC, may explain the decrease in binding
observed with increasing incubation temperature (Fig. 2). The addition
of serine-borate, a transition state inhibitor of ~-glutamyl
transpeptidase (6), decreased the possibility of LTC, degradation in later
experiments. HPLC analysis of products from the binding assay suggested
that LIC, was not decomposed or metabolized during binding studies
conducted at 4°C.

The LTC, binding site in V79 cells, like the rat glomeruli binding site
(26), did not appear to require Na*, Ca?, or Mg? for binding activity.
Guanine nucleotides were reported to regulate the binding of LTD, to guinea
pig lung membranes (10), but appeared to have no effect on LTC, receptors
in either the guinea pig myocardium (8) or in V79 cells. The V79 cell was
reportedly responsive to agents that stimulate cyclic AMP, including
prostaglandins (27). The latter is interesting in light of our inability
to demonstrate specific binding of several tritiated prostaglandins by
this cell line. In particular, we did not observe specific binding of PGE,
by V79 cells. It was reported in a prior study that pretreatment with PGE,
did not confer radioprotection of V79 cells (28), which is not
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inconsistent with the hypothesis that eicosanoid-induced radioprotection
is receptor mediated.

The mechanism by which LTC, confers radioprotection to the V79 cell is
unknown, although leukotrienes may induce synthesis of cAMP (29), cGMP
(29), or other eicosanoids (30), which may in turn have protective
effects. Further studies are needed to clarify the mechanism by which LTC,
protects V79 cells from the deleterious effects of irradiation, although
our studies suggest that LTC, may interact with V79 cells through a
receptor-mediated event. In view of its abundant LTC, binding capacity,
the V79 cell line may provide both an excellent source for leukotriene
receptor purification and a model for defining certain cellular responses
to leukotrienes.

Acknovwledgements

The authors gratefully acknowledge gifts of V79 cells from Dr. E. V.
Holahan, leukotrienes from Dr. J. Rokach, prostaglandins from Dr. D.
Morton, and leukotriene antagonists from Dr. A. Taub, Mr. W. Fields and
Dr. T. P. Pruss. Valuable technical assistance was provided by C.
Hollies. J. Koeser and M. Waldbillig provided skilled secretarial
assistance. This work was supported by NIH HD20780, USUHS Protocol
€08517, and Defense Nuclear Agency Work Unit #B2152. The views presented
in this paper are those of the authors. No endorsement by the Defense
Nuclear Agency or the Department of Defense has been given or should be
inferred.

References

1. Furuta Y., E.R. Hall, S. Sanduja, T. Barkley Jr., and L. Miles.
Prostaglandin Production by Murine Tumors as a Predictor for Therapeutic
Response to Indomethacin. Cancer Res. 48:3002. 1988.

2. Walden, T.L., E.V. Holahan, and G.N. Catravas. Development of a Model
System to Study Leukotriene-Induced Modification of Radiation Sensitivity
in Mammalian Cells. Prog. Lipid Res. 25:587. 1986.

3. Walden Jr, T.L., M.L. Patchen, and T.J. MacVittie. Leukotriene-
Induced Radioprotection of Hematopoietic Stem Cells in Mice. Radiat. Res.
113:388. 1988.

4. Walden Jr, T.L. Pretreatment with Leukotriene C, Enhances the Whole-
Animal Survival of Mice Exposed to Ionizing Radiation. Ann. N.Y. Acad.
Sci. 524:431. 1988.

5. Liu, Y.X., D.S. Watt, T.L. Walden Jr, and T.A. Fitz. Interaction of
Leukotriene C, and Chinese Hamster Lung Fibroblasts (V79A03 Cells). 2.
Subcellular Distribution of Binding and Unlikely Role of Glutathione-S-
Transferase. Prostaglandins, this volume.

6. Tate, S$.S., and A. Meister. Serine-Borate Complex as a Transition
State Inhibitor of Gamma-Glutamyl Transpeptidase. Proc. Natl. Acad. Sci.
USA 75:4806. 1978.

7. Borgeat, P., and B. Samuelsson. Arachidonic Acid Metabolism in
Polymorphonuclear Leukocytes: Effects of Ionophore A23187. Proc. Natl.
Acad. Sci. USA 76:2148. 1979.

8. Hogaboom, G.K., S. Mong, J.M. Stadel, and S.T. Crooke.
Characterization of Guinea Pig Myocardial Leukotriene C, Binding Sites:
Regulation by Cations and Sulfhydryl-Directed Reagents. Mol. Pharmaco!l.
27:236. 1985.

OCTOBER 1990 VOL.. 40 NO. 4 427




PROSTAGLANDINS

9. Rovati, G.E., D. Oliva, L. Sautebin, G.C. Folco, A.F. Welton, and S.
Nicosia. Identification of Specific Binding Sites for Leukotriene C, in
Membranes from Human Lung. Biochem. Pharmacol. 34:2831. 1985.

10. Mong, S., H.-L. Wu, G.K. Hogaboom, M.A. Clark, J.M. Stadel, and S5.T.
Crooke. Regulation of Ligand Binding to Leukotriene D, Receptors: Effects
of Cations and Guanine Nucleotides. Eur. J. Pharmacol. 106:241. 1984.
11. Hogaboom, G.K., S. Mong, H.-L. Wu, and S.T. Crooke.
Peptidoleukotrienes: Distinct Receptors for Leukotriene C, and D, in the
Guinea Pig Lung. Biochem. Biophys. Res. Commun. 116:1136. 1983.

12. Sirois, P. Pharmacology of the Leukotrienes. Adv. Lipid Res. 21:79.
1985.

13. Samhoun, N.M., and P.J. Piper. In: Leukotrienes and Other
Lipoxygenase Products. (P.J. Piper, ed.) Research Studies Press, New York,
1982, p. 161.

14. Dahlen, S.-E. Pulmonary Effects of Leukotrienes. Acta Physiol.
Scand. Suppl. 312:1. 1983.

15. Dahlen, S.-E., G. Hansson, P. Hedqvist, T. Bjorck, E. Granstrom, and
B. Dahlen. Allergen Challenge of Lung Tissue from Asthmatics Elicits
Bronchial Contraction That Correlates With the Release of Leukotrienes C,,
D,, and E,. Proc. Natl. Acad. Sci. USA $0:1712. 1983.

16. Feuerstein, G., Z. Zukowska-Grojec, and I.J. Kopin. Cardiovascular
Effects of Leukotriene D, in SHR and WKY Rats. Eur. J. Pharmacol. 716:107.
1981.

17. Hulting, A.L., J.A. Lindgren, T. Hokfellt, P. Eneroth, S. Werner, C.
Patrono, and B. Samuelsson. Leukotriene C, as a Mediator of Luteinizing
Hormone Release From Rat Anterior Pituitary Cells. Proc. Natl. Acad. Sci.
UsA 82:3834. 1985.

18. Wisner-Provost, A., K. Gerozissis, M.C. Bommelaer, C.A. Renard, C.
Rougeot, F.A. Levi, and F. Dray. Eicosanoids in Relation With LHRH
Secretion. Adv. Prostaglandin Thromboxane Leukotriene Res. 16:235. 1986.
19. Phan S.H., B.M. McGarry, K.M. Loeffler, and S.L. Kunkel. Binding of
Leukotriene C, to Rat Lung Fibroblasts and Stimulation of Collagen
Synthesis ]In Vitro. Biochemistry 27:2846. 1988.

20. Sun, F.F., L.Y. Chau, and K.F. Austen. Binding of Leukotriene C, by
Glutathione Transferase: A Reassessment of Biochemical and Functional
Criteria for Leukotriene Receptors. Federation Proceedings 46:204. 1987.
21. Laduron, P.M. Criteria for Receptor Sites in Binding Studies.
Biochem. Pharmacol. 33:833. 1984.

22. Drazen, J.M., K.F. Austen, R.A. Lewis, D.A. Clark, G. Goto, A.
Marfat, and E.J. Corey. Comparative Airway and Vascular Activities of
Leukotrienes C, and D, In Vivo and In Vitro. Proc. Natl. Acad. Sci. USA
172:4351. 1980.

23. Fleisch, J.H., L.E. Rinkema, and W.S. Marshall. Commentary:
Pharmacological Receptors for the Leukotrienes. Biochem. Pharmacol.
33:3919. 1984.

24. Gordon, R.J., J. Travis, H.R. Godfrey, D. Sweeny, P.S. Wolf, T.P.
Pruss, E. Neiss, J. Musser, U. Chakraborty, H. Jones, and M. Leibowitz.
In Vivo Activity of a Lipoxygenase Inhibitor and Leukotriene Antagonist.
Abstract #261 in Prostaglandins and Leukotrienes ‘84, Washington, D.C,
1984.

25. Clark, M.A., M. Cook, S. Mong, G.K. Hogaboom, R. Shorr, J. Stadel,
and S.T. Crooke. Leukotriene C, ([*H]LTC,) Binding to Membranes Isolated
From a Hamster Smooth Muscle Cell Line (DDTIMF2). Life Sci. 35:441. 1984,

428 OCTOBER 1990 VOL. 40 NO. 4




PROSTAGLANDINS

26. Ballerman, B.J., R.A. Lewis, E.J. Corey, K.F. Austin, and B.M.
Brenner. Identification and Characterization of Leukotriene C, Receptors
in Isolated Rat Renal Glomeruli. Circ. Res. 56:324. 1985.

27. Lehnert, S. Modification of Postirradiation Survival of Mammalian
Cells by Intracellular Cyclic AMP. Radiat. Res. 62:107. 1975.

28. Holahan, E.V., W.F. Blakely, and T.L. Walden. In: Prostaglandin and
Lipid Metabolism in Radiation Injury (T.L. Walden and H.N. Hughes, eds.)
Plenum Press, New York, 1982, p. 253.

29. Vesin, M.F., S. Bourgoin, D. Leiber, and S. Harbon. Lipoxygenase and
Cyclooxygenase Products of Arachidonic Acid in Uterus. Selective
Interaction With c¢GMP and cAMP Systems. Prost. Leuko. Med. 13:75. 1984,
30. Feuerstein, N., M. Foegh, and P.W. Ramwell. Leukotrienes C, and D,
Induce Prostaglandin and Thromboxane Release Rrom Rat Peritoneal
Macrophages. Br. J. Pharmacol. ]2:389. 1981.

Editor: P, Ramwell Received: 5-18-87 Accepted 8-16-90

OCTOBER 1990 VOL. 40 NO. 4 429




JOu RN AL OF NEUROPHY SIOLOGY
Vol 62, No 4. October 1989 Primted in U S 4

AAMED FONCES RADIOBIOLOGY
RESEARCH INSTITUTE

SCIENTIFIC REPORT

SR91-5

Membrane Current Underlying Muscarinic Cholinergic Excitation
of Motoneurons in Lobster Cardiac Ganglion

JOSEPH E. FRESCHI AND DAVID R. LIVENGOOD

Department of Neurology, Emory University School of Medicine, Atlanta. Georgia 30322

SUMMARY AND CONCLUSIONS

1. We studied the effect of cholinergic agonists on motoneu-
rons of the lobster cardiac ganglion under voltage clamp.

2. In unclamped neurons, acetylcholine (ACh) caused a depo-
larnization and increase in burst potential frequency. By the use of
nicotinic and muscarinic agonists, we determined that both types
of receptors are present on the neurons. We therefore used spe-
cific muscarinic agonists to further study ionic mechanisms un-
derlying the muscannic cholinergic current (/).

3. Muscarinic agonists produced detectable inward current at
dosss above 10 * M, and maximum effect was seen at doses above
10 " M.

4. I, was voltage-dependent. When the membrane holding
potential was shifted to levels negative to the resting potential, the
response declined. nulling but not reversing at —80 to —100 mV,
The response enlarged with membrane depolarization, reaching a
maximum at between — 30 and — 10 mV. With further depolariza-
tion. the response declined and then reversed at potentials around
+20 mV.

5. The muscarinic response varied as a function of extracellu-
lar Na' concentration and was completely blocked in Na'-free
solutions. The relationship between response amplitude and ex-
ternal Na* was well described by the electrodiffusion equation for
Na' dnving force.

6. Il.,..» amphtude also varied as a function of extracellular po-
tassium concentration, becoming larger with low external K* and
smaller at higher concentrations. Shifting the Cl° equilibrium
potential did not affect the properties of the /..

7. Tetrodotoxin (TTX) had no effect on /.. In concentra-
tions of 1-10 mM. such K *-channel blocking agents as Ba®*, Cs*,
4-aminopyndine (4-AP). or tetraecthylammonium (TEA). and
such Ca*'-channel blockers as Co** or Mn**, when applied exter-
nally, did not suppress /,.,.,. Above 30 mM. TEA did inhibit the
response. and combinations of K*-channel blocking agents, each
at concentrations insufficient alone to block the current, also in-
hibited /.

8. Current-voltage (/-1 curves obtained during muscarinic ag-
onist perfusion consistently crossed the control /-1” curves at a
mean membrane potential of +24 mV. The reversal potential
shifted to a more negative value in low extracellular Na*.

9. Although no reversal of /., was seen when agonists were
applied to cells clamped at negative holding potentials, the aver-
aged curve of I,.. obtained by subtracting control ramp I-}
curves from those obtained in the presence of agonist, did show a
small net outward current at membrane potentials negative to
-1 mV.

10. We conclude that ACh, acting at muscarinic receptors,
causes an inward current predominantly by activating a voltage-
dependent cation current that is largely carmied by Na*. The cur-
rent 1s also dependent on extracellular K* concentration.
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INTRODUCTION

Acetylcholine (ACh) acts at both nicotinic and musca-
rinic receptors in crustacean nervous systems (Florey 1963:
Gerschenfeld 1973: Marder et al. 1985, 1986). The electro-
physiological responses coupled to activation of cholinergic
receptors are similar to those found in vertebrates. In the
stomatogastric ganglion of lobsters, for example. choliner-
gic agonists cause a fast nicotinic depolarization. a slow
muscarinic hvperpolarization. and a slow muscarinic depo-
larization (Marder et al. 1978, 1986). These responses, and
an additional peptidergic slow depolarization (Hooper and
Marder 1987). resemble the electrophysiology of vertebrate
sympathetic ganglia (Kuba and Koketsu 1978).

In many crustacean species, ACh causes acceleration of
the neurogenic heartbeat (Davenport 1942; Maynard 1955;
Smith 1947; Welsh 1939; Wiersma and Novitski 1942).
Previous studies by others suggested that the response to
ACh in the crustacean cardiac ganglion is mediated by
muscarinic receptors (Florey and Rathmayer 1980: Sulli-
van and Miller 1982: and M. W, Miller, personal commu-
nication). Barker and coworkers (1986) recently showed
the presence of L-[*H]quinuclidinyl benzilate binding sites
in membranes from central ganglia of crab. These sites
closely resembled muscarinic receptors in vertebrate cen-
tral and peripheral nervous systems. There is preliminary
evidence that muscarinic depolarization of certain lobster
neurons may be because of a reduction in a resting K*
conductance [cardiac ganglion (Sullivan and Miller 1982;
M. W. Miller, personal communication) and stomatogas-
tric ganglion (Nagy et al. 1985)]. We therefore wished to
study in more detail the action of cholinergic agonists on
cardiac ganglion motoneurons under voltage clamp.

In the experiments described here. we first examined the
extent to which nicotinic responses might contribute to the
total response to ACh. We then confined our studies on
ionic mechanisms to those responses elicited by muscarinic
agonists. We found that, although previous studies using
current-clamp technique emphasized a reduction of a K*
conductance, muscarinic agonists cause a slow, voltage-de-
pendent inward current (/) that is predominantly de-
pendent on extracellular Na* concentration ([Na),). Fur-
thermore, the response is also dependent on extracellular
K* concentration ([K],). so that the ligand- and voltage-
activated channel may be significantly permeable to K*.
Alternatively. or in addition. at negative membrane poten-
tials the agonists may suppress a separate K* conductance.

0022-3077/89 $1.50 Copyright © 1989 The American Physiological Society
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METHODS
Preparation

We obtained specimens of lobster Homarus americanus (0.65-
0.9 kg) from local food markets and kept them in a tank contain-
ing filtered, aerated, and cooled artificial seawater for up to 4 wk.
We have previously reported the methods of dissection and de-
scriptions of the recording chamber (Livengood et al. 1972, 1983).
Following the methods of Tazaki and Cooke (1983, 1986), we
ligated the axons of the anteriorly located motoneurons (cells 1
and 2) [for description of cardiac ganglion anatomy and terminol-
ogy see Hartline (1967, 1979)]. We teased out a single strand of
silk surgical suture and tied this around the ganglion trunk within
300 um of the soma. In some experiments, where only compara-
tive qualitative results were required, we studied unligated
neurons, including cells 3, 4, and 5. The amplitude of the cholin-
ergic response was not diminished by proximal ligatures com-
pared with responses from preparations unligated or ligated more
distally (1-1.5 mm). Thus proximal ligation apparently did not
exclude a significant fraction of cholinoreceptors.

We studied > 100 neurons from >80 animals during a period of
18 mos. Although many of the figures show results from single
experiments, we confirmed each observation in at least three re-
peated experiments. We required a membrane potential negative
to —40 mV and an input resistance >1 MQ before accepting a
neuron for further study. Current-voltage curves were acceptable
only if they returned to control values after muscarinic agonist
washout.

Solutions and drugs

Normal saline was a modification of Cole lobster physiological
saline and had the following composition (in mM): 440 NaCl, 15
KCl. 4 MgSO,, 4 MgCl;, 25 CaCl,, 10 HEPES (N-2-hydroxyeth-
ylpiprazine-N'-2-ethanesulphonic acid), pH 7.4, adjusted with
NaOH. We added drugs up to 50 mM without adjusting osmolal-
ity. We changed K* concentrations by adding or subtracting
equal concentrations of Na*. We substituted for Na* by replacing
equal concentrations of Na* with either N-methyl-D-glucamine or
Tris (trisThydroxymethyl] aminomethane). We obtained all drugs
from Sigma except 4-aminopyridine (4-AP) (Aldrich), BaCl,
(Mallincrodt), and CsCl (Fisher). We diluted tetrodotoxin (TTX)
from frozen aliquots of | mM stock and muscarine from 100 mM
stock kept at 4° for <2 wk. We made up all other drug solutions
on the day of the experiment. Dr. John Sarvey kindly donated
dihydro-g-erythroidine.

Voltage-clamp recording

We used two microelectrodes. with tip resistances of 5-15 MQ
when filled with 3 M-KCl, to voltage clamp individual motoneu-
rons. To reduce capacitative coupling, we placed a grounded cop-
per shield between the two electrodes. The reference electrode was
a saline-agar bridge, which, together with the voitage-clamp elec-
trodes. we connected to the system electronics by means of a3 M
KCl/Ag/AgCl junction (WPI half-cell). We used a commercial
voltage-clamp amplifier (Axoclamp-2, Axon Instruments, Bur-
lingame, CA, USA) with the gain setting at the maximum value of
10,000 volt/volt, at which the maximum current that could be
passed was 600 nA. We routinely filtered high-frequency noise at
| KHz with an 8-pole Bessel filter and then recorded the voltage
and current signals on a storage oscilloscope and penwriter. For
penwriter recordings, the unfiltered frequency response was 140
Hz. For slow currents at high gain, the signal was low-pass filtered
at 5 or 15 Hz. In most experiments we used a digital computer
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(PDP 11/234, INDEC Systems, Sunnyvale, CA, USA) to gener-
ate families of command voltages and to store the evoked cur-
rents. The sampling rate was typically 2 ms for voltage steps of
440-ms duration and 200 ms for voltage ramps of 44-s duration.

The validity of voltage-clamping ligated cardiac ganglion moto-
neurons is discussed in detail in the paper by Tazaki and Cooke
(1986). These authors have previously shown, by recording from
both axon and soma, that there is little decline in evoked voltage
changes along the axon for >300 um. Tazaki and Cooke have
estimated the resting neuron space constant to be 3 mm. Their
data indicate that when current loss to the axon is prevented by
figation, current loss to remaining dendritic processes is minimal.
Nevertheless, as noted by Tazaki and Cooke, even in ligated
neurons there is inadequate clamp control of inward Ca?* cur-
rents, as evidenced by variable delay in time to peak. We have
verified, by the use of three independent microelectrodes, that
imposed voltage changes in the soma are equally recorded in all
electrodes. Such intracellular homogeneity, however, does not
exclude the possibility that infoldings of the soma membrane may
lead to imperfect voltage control of the membrane. Several other
observations seem relevant. First, we have previously shown that
the post-burst hyperpolarization can be reversed near the esti-
mated K* equilibrium potential (Ex) in different [K], (Livengood
and Kusano 1972). Second. in both ligated and unligated
neurons, by changing the holding potential, the current produced
by y-aminobutyric acid (GABA) can be reversed over the range
expected by shifts in E¢ (see RESULTS below). Third, as shown in
the RESULTS, the inward current produced by muscarinic agonists
can be reversed at positive membrane potentials. and we have
found no difference in the reversal potentials (E,) determined in
ligated and unligated neurons. These observation suggest that the
physiological events of interest in this paper occur within a spa-
tially compact somatodendritic area wherein voltage control is
adequate. Because our observations are essentially qualitative,
and we have undertaken no kinetic studies. uncertainty about the
adequacy of voltage-controlled membrane does not substantially
affect the resuits of this study.

Curve fitting

To fit the averaged current-voltage data to a model equation,
we used a commercial computer program (RS/Explore. BBN
Software Products, Cambridge, MA) that uses the Marquardt-
Levenberg iteration method for least-squares estimation of non-
linear parameters.

RESULTS

Effects of nicotinic and muscarinic cholinergic drugs
on motoneurons

In unligated. unclamped motoneurons ACh caused a de-
polarization and increase in burst frequency (Fig. 14)).
Both nicotine and muscarinic agonists mimicked the effect
of ACh (Fig. 1, A, and A4;). The effect of nicotine was
blocked by 0.1-1 mM (+)-tubocurarine (TC) and by 0.1
mM dihydro-g-erythroidine (not shown). The effect of
muscarinic agonists was blocked by 10 uM-atropine and
unaffected by TC at concentrations sufficient to block the
response to nicotine (Fig. 1B). The response to muscarinic
agonists was present on virtually all healthy neurons stud-
ied. On the other hand, responses to nicotine were variable.
In some cases, such as that shown in Fig. 14, nicotine




FIG. 1. Effect of cholinergic drugs on
lobster motoneurons. A: effect of agonists
on unligated neuron C, (for terminology
see METHODS) under current clamp. A4,:
effect of ACh on membrane potential and
pacemaker burst frequency. Gap in record
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represents 7 min. Washout of ACh began
after gap. 4, effect of nicotine on same
cell. Washout not shown. A;: effect of
muscarine on same cell. Washout not
shown. B: effect of cholinergic antagonists
on Iy, evoked by | mM MeCh. [,
(control, far leff) is unchanged in presence
of 0.1 mM TC (middle left), but is reduced
to 30% of control in presence of 10 uM
atropine (middle right). After 10-min
washout of atropine, response has re-
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produced a response with an amplitude up to 50% of that
caused by ACh; but in most cells the nicotinic response was
small and accounted for no more than 10% of the total
ACh amplitude. We were not interested in studying this in
a detailed or systematic way. Nevertheless, our preliminary
data suggested that ACh may activate both nicotinic and
muscarinic receptors. Therefore, to study the muscarinic
response in more detail, we used muscarinic agonists and
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not ACh. As shown in Fig. 1B, at the doses used in these
experiments, muscarinic agonists such as methacholine
(MeCh) had no nicotinic activity. Fig. 2 shows a represen-
tative dose-response curve for a voltage-clamped motoneu-
ron exposed to increasing doses of MeCh. Half-maximal
responses were obtained with doses of ~0.25 mM. Equal
doses of muscarine, pilocarpine, and MeCh produced simi-
lar response amplitudes (data not shown).

2x10'M

FIG. 2. Relationship between dose of MeCh and response
amplitude in voltage-clamped ligated cardiac ganglion neuron.
A: individual current records. Horizontal bar in this and subse-
quent figures indicates the duration of agonist perfusion. Dose
of MeCh is indicated above each current trace. B, dose-response
curve from the same neuron as in 4. Although data are from 1
neuron, in all cells studied 1 mM represented a near-saturating
dose of muscarinic agonist and was the routine dose used in all
experiments.
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FIG. 3. Relationship between membrane potential and MeCh-induced

current. Motoneurons were held at various membrane potentials by
changing the voltage-clamp holding potential. Selected current traces are
shown at the indicated holding potentials. 4 and B are from different cells.
A: higated (| neuron. B: unligated C, neuron. Note that in B, at —46 mV,
large burst currents (cut off by chart recorder filter) generated from a
remote area of the axon are inward. At +40 mV, the burst currents are
small and outward. Note the different current scales in B,

Relationship between agonist-induced current and
membrane potential

To determine the ienic basis of the muscarinic current
(Imen). we examined the response at various holding poten-
tials (Figs. 3 and 4). In Fig. 4, data from five different
neurons are plotted together against clamp-holding poten-
tial. Selected current traces from two of the neurons are
shown in Fig. 3. In these and other experiments, in normal
saline, the response amplitude enlarged at more depolar-
ized potentials and diminished at hyperpolarized poten-
tials. The potential at which the response was nulled was
between —80 and — 100 mV. Using this protocol. we ha e
not seen a reversal of the response at negative potentials,
even when Ey had been shifted positively by changes in
[K], (see below). On the other hand, when the membrane
potential was held at positive membrane potentials (a con-
dition often difficult to achieve), we were able to see a
reversal of /.. Despite the expected decrease in driving
force. these outward-going currents were considerably
larger than those obtained at negative membrane poten-
tials, suggesting a voltage dependence for /.

Effects of changing the extracellular sodium concentration

The relation<hip between [, and membrane patential
suggested the activation of an inward current chiefly me-
diated by ions with positive equilibrium potentials, such as
Na* or Ca’*. When Na, was replaced by Tris or N-methyl-
D-glucamine, the response was blocked (Fig. 5. 4 and B).
The inhibitory effect of low [Na], was not because of
blocking the electrogenic Na*-K* pump, because blocking
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the pump by 30 min exposure to K'-free saline (not
shown) or ouabain (Fig. 5B) did not inhibit /... The rela-
tionship between /., amplitude and [Na], (Fig. SC) was
well fit by a curve obtained by plotting the Na* current
driving force (Vy-En,) as a function of [Na},.

Relationship between muscarinic current and extracellular
potassium concentration

We examined the effect of different extracellular K*
concentrations on /. As shown in Fig. 6, the response
amplitude changed as a function of [K],. The response
amplitude was largest in reduced [K], and became smaller
as [K], was increased. The data in Fig. 6B were plotted on a
semilogarithmic scale along with a line representing the
electrodiffusion equation for K*-driving force, from which
electrodiffusion theory predicts deviation at low [K],
(Marmor 1975). The data, even at high [K],. 1s not well fit
by the equation.

If part of the ionic mechanism of /., were because of
voltage-dependent closure of agonist-sensitive K* channels
at negative potentials, then it may be possible to shift Ex to
a more positive potential so that reversal of the current can
be studied in a voltage range in which channel closure has
not occurred (Brown and Adams 1980). After shifting Ex
to more positive potentials by raising [K], (from —71 mV
in 15 mM K, to -53 mV in 30 mM K, to -36 mV in 60
mM K,). in five separate experiments. we were unable to
demonstrate an unequivocal shift in the potential where
I is null. Instead, as demonstrated in Figs. 3. 4, and 6.
an inward current was evoked at holding potentials nega-
tive to the expected value of Ex at various concentrations

of K,.

Effect of K*-channel blockers on the muscarinic current

We tested a number of cations and drugs known to in-
hibit various voltage- and ligand-activated K' conduc-
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FIG. 4. I, amplitude plotted against voltage-clamped membrane po-
tential for 5 different neurons. Cell in Fig. 3.4 is represented by circles. Cell
in Fig. 3B is represented by down-pointing triangles. Dashed line was
drawn by evye.
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tances i other preparations. Added to the extracellular
bath solution. neither Ba™'. Cs’. 4-AP., nor TEA. in doses
of 1-10 mM, were eftective blockers of /., (Figs. 7 and 8).
TEA at doses of 30-50 mM. however, consistently inhib-
ited /.., (Fig. 7). Furthermore. these blockers. in concen-
trations insuthcient alone. could inhibit the current when
combined. An example 1s shown in Fig. 8. TEA. 10 mM,
did not reduce /.. Netther 10 mM Cs, 10 mM 4-AP. nor
the two combined were sufhicient to inhibit the current.
When [0 mM TEA, however, was added to 10 mM Cs and
10 mM 4-AP. [, was considerably reduced. The inhitn-
tory effect of these agents was more noticeable at mem-
brance potentials around the resting potential, e.g.. —60 mV
to 40 mV. At depolanized potentials the [, was still
prominent (sce below, Fig. 10).

Ftlects of altermg the chloride equilibrivm potential

We examined the effects of changing £, on the musca-
rinic agonmist-induced current. Over time, during recording
with 3 M-KCl-filled clectrodes. suthicient C1 leaks into the
neurons to shift [, to more positive potentials. When
GABA was perfused onto a neuron impaled with two KCl-
fitled electrodes. the membrane potential depolanzed and
bursts were inhibited (Fig. 9.1). In contrast. GABA caused
membrane potential hyperpolarization when perfused
onto cells in which recording was made with electrodes
tilled with K -acetate (Fig. 9C). In neurons voltage-
clamped with KOl clectrodes. GABA caused an inward
current at holding potentials near normal resting values.

J0 mV and [Na}, was assumed to be S0

and an outward current at deputarized potentials (Fig. 9B).
In the same cells where reversal of the chlonde-dependent
GABA current was achieved. the muscarinic current re-
mained inward over this same voltage range (Fig. 98).
Thus. under these conditions of varving £, neither the
amplitude nor the voltage dependence of the response to
muscarinic agonists was altered.

Efiect of calcium-channel blockers

In many experiments (c.g.. Figs. 7. 8, and 10). we in-
cluded TTX and a calcium-channel blocker. such as Co™*
or Mn-". to inhibit large inward currents during command
voltage steps. These divalent cations. in suthcient concen-
trations to inhibit the voltage-dependent inward calcium
current. had no effect on /..

Current-voltage relationship

Another way to examine the 1onic nature of /i, 18 10
examine the steady-state /-17 relationship betore and dur-
ing exposure of the neuron to agonist. By using command
voltage steps one can also determine whether speaific volt-
age- and ume-dependent currents are affected by the ago-
nist. In most of our cells, the leakage and voltage-activated
currents were so much larger than the muscannic current,
small changes in conductance were ditheult to appreciate
when comparing [-17 curves near the resting potential. We
found that the most effective way to study /-1 relationships
over a wide voltage range was by imposing command volt-
age ramps. Figure 104 shows ramp /-1 curves obtained
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FIG. 6. I,u as a function of [K],. 4: representative MeCh-induced
current traces in vanious concentrations of K, for 2 different neurons (cell
in A2 was unligated). B: I, amplitude plotted against [K], for 3 different
neurons. Response amplitudes are expressed as a ratio to the amplitude in
normal (15 mM) K,. Dashed line was derived from the calculated driving
force for a K* current, V-Ey, where the voltage-clamped }* was —40 mV
and {K], was assumed to be 254 mM.

before and during perfusion of | mM methacholine. The
difference between the two curves, shown in Fig. 10B, rep-
resents /., as a function of voltage. Two sets of curves are
shown; one set (4, curves I and 2; B, curve 2-1) was ob-
tained in normal lobster saline, and the other (4. curves 3
and 4; B. curve 4-3) in saline containing Ca?*- and K*-
channel blockers. In normal saline, outward rectification
produced large outward currents at depolarized membrane
potentials (4, curve 1). MeCh (1 mM) caused an inward or
downward shift in the curve (A4, curve 2). The curve in
MeCh converged with and then crossed over the control
curve at positive potentials (B, curve 2-1). In the solution-
containing channel blockers, outward rectification was re-
duced (4, curve 3). MeCh no longer caused an inward shift
at membrane potentials around the resting potential, but
did cause an inward shift at more depolarized voltages (A,
curve 4). As in normal saline, the curve in MeCh crossed
the control curve at a positive membrane potential (B.
curve 4-3). As noted above (Effect of K*-channel blockers
on the muscarinic current), the inhibitory effect of combi-
nations of K*-channel blockers was most evident near the
resting potential, but not at depolarized potentials. As
shown in Fig. 10B, at —50 mV there was a measurable /..,
in normal saline, which disappeared in the solution con-
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taining channel blockers. At —10 mV, however, I, was of
similar amplitude in both solutions.

We combined the results from six experiments in normal
saline and plotted the mean value of the normalized /.,
for each 10-mV interval of membrane potential over the
entire 180-mV range of the ramp (Fig. 11). These results
show that there is often a small amount of outward ago-
nist-induced current at membrane potentials negative to
—100 mV. Because this current is rather small in amplitude
(typically <1 nA), and because there is always increased
electrode noise and drift when the membrane is held in this
negative potential range, it would be difficult to see an
unequivocal outward current when agonist is applied (see
sections above). The averaged current-voltage curve shows
the voltage dependence of /.. The inward current was
activated in the range of —80 to —90 mV and reached a
peak at a potential between —10 and —30 mV. The current
amplitude then declined with further depolarization, and
reversed at +24 mV (23.7 + 5.1 mV, mean = SE). The E,
was shifted to more negative values by lowering [Na],. In
Fig. 12, E, shifted 42 mV, from +20 mV to —22 mV after
[Na], was lowered to 132 mM (30% of normal). The ex-
pected change from the Nernst equation is 30 mV. A nega-
tive shift of E, in lowered [Na], was a consistent finding,
but the degree of change was not often close to that pre-
dicted by theory. A complication that contributed to van-
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FIG. 7. Effect of K'-channel blockers on /,,.,. For each trace the hon-

zontal bar represents the duration of perfusion of 1 mM MeCh. Onset of
perfusion of K' blockers is indicated by the vertical arrow. Note that Ba**
and TEA caused an inward current. Neuron (s, unligated. Control solu-
tion contained 0.3 uM TTX and 10 mM Mn’*, to which the various
K ‘-channel blockers were added.
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FIG. 8. Effect of combinations of K*-
channel blockers on /,,,.,. Traces were ob-
tained sequentially in | neuron. Protocol
as in Fig. 8. Note that all combinations of
blockers caused inward current, but the
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102M Cs 1 f 2M Cs WA'SH
A e -
v, v W ~——

-45 mV \/

102M TEA

102M 4-AP

102M Cs WASH
B ! |
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ability was a slow, progressive increase in resting mem-
brane conductance in the presence of low-[Na], solutions.
This increase in resting leak current, assuming E,.,, to be
zero, would add to the negative shift. Others have noted a
similar deleterious effect of Na*-free solutions (Gola and
Selverston 1981). The possible contribution of K* perme-
ation is discussed below.

Tazaki and Cooke (1986) analyzed voltage- and time-
dependent currents in lobster cardiac ganglion neurons.
Inward currents included a rapid, transient, TTX-sensitive
Na* current and a slower transient inward Ca®* current
(/c,). They found no evidence of slow, TTX-resistant, volt-

GABA
107m

103M GABA

seovilll—— [

20 mvl_
40s

10*M GABA

wmmmu.... ——— ¥
t

20 mv

degree of inward current produced did not
correlate with the ability to inhibit the re-
sponse to MeCh. Neuron C,, ligated.
Control solution as in Fig. 8.

200 s

age-dependent Na* currents and no negative slope resis-
tance region after Ca®>* current was blocked. Outward cur-
rents included a transient outward current (/,) sensitive to
4-AP, a delayed outward current (/) blocked by TEA, and
a Ca’*-dependent outward current (/) blocked by Cd** or
Mn?*. Tazaki and Cooke (1986) found that responses to
hyperpolarizing clamp commands were not perfectly
ohmic but rapidly declined about 15% from their initial
value to reach steady state. We found that none of these
voltage- and time-dependent currents appeared specifically
affected by muscarinic agonists, yet there was a general
depression of chord conductance as assessed by the ampli-

MECH
1073M

FIG. 9. Effect of changing E on
GABA response. A4: in a neuron (unligated
;) impaled with 2 3-M KCl-filled micro-
' electrodes. | mM GABA caused a depo-
larization of the cell under current clamp.
B: in another unligated C, neuron, GABA
caused an inward current when the cell
was held at —40 mV and an outward cur-
rent at —20 mV; but MeCh caused an in-
ward current at both membrane poten-
tials. C: in a different neuron (unligated
C,). impaled with a 4 M-K" acetate-filled
electrode, 0.t mM GABA caused a hyper-
polarization from the resting membrane

40s

10*M GABA
104M PICROTOXIN

10 mv

potential of —~47 mV (10p). Response was
abolished by 0.1 mM picrotoxin (borrom).

20s
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FIG. 10. Effect of muscannic agonist on the /-} relationship
for a motoncuron in normal saline and in saline containing
Ca’'- and K'-channel blockers. .4: a command voltage ramp
(from ~ 140 mV to +40 mV over 44 s) was applied to a ligated
voltage-clamped (', neuron in normal saline before (curve 1)
and during (curve 2) perfusion with | mM MeCh. Same clamp
protocol was applied to the same cell after the control solution
was changed to saline containing (in mM) 30 TEA. 4 4-AP. 10
Mn®* and 15 Ca*". before (curve 3), and during (curve 4) per-
fusion with | mM MeCh. B: computer-subtracted /-1 curves.
Curve 2-1 is the resultant current after computer-subtracting

curve | from curve 2 in 4 (normal saline). Curve 4-3 is the
resultant current after computer-subtraction of curve 3 from
curve 4 in A (saline with blockers). Resultant currents are the
actual MeCh-induced current as a function of membrane po-
tential.

tudes of the instantaneous current jumps. An example is
shown in Fig. 13. In this ligated C, neuron in TTX, depo-
larizing voltage steps evoked an inward-going current (/¢,)

Current (nA)

74

(XX

150 130 10

-90

Membrane Potential (mV)

FIG. 11.  Relationship between averaged /.., and membrane potential.
Each data point represents the mean + SE of 6 measurements, except for n
=3at 140 mVandn = Sat 40 mV. /... from computer-subtraction of
I-} curves (as in Fig. 9 B). was measured at 10-mV intervals between - 140
mV and 40 mV. Current was normalized to the average maximum inward
current. Where error bars are not visible. they were smaller than the
diameter of the data symbol.

(although not net inward) followed by a slow outward cur-
rent (I + I¢). At the end of the step a slow tail current can
be seen. Hyperpolanzing steps evoked a nearly ohmic in-
ward current, although a rapid outward relaxation can be
differentiated from the capacitative transient. At the end of
the step, a wansient valv.aid current (1,) was elicited. Mus-
carine caused an inward current during which the voltage-
and time-dependent currents appeared unchanged. There

nA
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FiG. 120 I, plotted against clamped membrane potential in different
Na,* concentrations. Command voltage ramps were applied and com-
puter-subtracted currents obtained. as described in Fig. 9. in 440 mM
(curve ayand in 132 mM (curve b) Na,,. E, is + 20 mV for curve a and -22
mV for curve b, a shift of 42 mV. Nernst equation under these conditions
predicts a shift of 30 mV. from +60 mV to +30 mV.
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FIG. 13.  Voltage- and time-dependent currents are unaffected by mus-
cannic agonists. Shown are representative current traces evoked by com-
mand voltage steps during perfusion with control (0.3 uM TTX) saline
and during perfusion with | mM muscarine onto a ligated ('; neuron. Top
traces: currents evoked by hyperpolanzing steps shown beneath each cur-
rent sample. Bottom traces: currents evoked by depolarizing command
voltage steps. Inward current produced by muscarine is shown by the
downward displacement of current traces below the dashed line represent-
ing the base-line current at b,

was, however, a reduction in the size of the ohmic or “in-
stantaneous’ current jumps, indicating a decrease in con-
ductance. This caused the depolanization-evoked inward-
going current to become net inward. The decrease in chord
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conductance can be understood in terms of the /-V curves.
The activation of a voltage-dependent inward current con-
tributes a region of negative slope resistance (Fig. 10).
Therefore, although a specific conductance is increased,
the total membrane conductance appears decreased
(Adams et al. 1980). This is seen in Fig. 104, in curves 3
and 4, where, in the presence of Ca’*- and K*-channel
blockers, the remaining outward rectification was inter-
rupted by downward depression of the I-V curves begin-
ning at about —30 mV. This effect was accentuated by
MeCh.

Models of the conductances involved in the
agonist-induced current

Because E, was +24 mV rather than the expected +60
mV for a pure Na* conductance, the slow inward Na*
channel may not be selective for Na* alone, but may also
allow K* to pass through. Assuming the conditions of the
constant field equation (Edwards 1982; Goldman 1943;
Hodgkin and Katz 1949) apply. we can use our measured
value of E, to estimate the ratio of permeabilities of K* and
Na* (Px/Pn.) by the use of the equation

- [Nale'#®! - [Na],
R T

where [Na]; = 40 mM, [Na], = 440 mM., [K], = 253 mM,
[K], = 15 mM, the constants RT/F = 25 mV, and E, is our
measured mean value of +24 mV. This gives a calculated
value of Py/Pn, of 0.52. Thus this slow, voltage-dependent
Na* channel would appear less Na*-selective than the
TTX-sensitive action potential Na* channel (Px/Pn, =
0.086) but more Na*-selective than other well-studied li-
gand-activated cation channels (e.g.. Px/Pn, = 1.1 for
ACh-activated nicotinic channel in frog) (Edwards 1982).
We note, however, that if adequate voltage- and space-
clamp control is not achieved. the estimate of E,, and
hence permeability ratios, may be substantially in error.

(7))

?gxz(w

FIG. 14. Descriptive model of the
muscarinic agonist-induced current. Solid
line. filled circles: the mean values of the
averaged data shown in Fig. 10 were fit by
a least-squares method to the equation

Imen = Agu(E — EX)
+ {1 + exp(ze/kTXE, - E.)} '

X (@ XEm = EX) + (8aXEn - EX))

Other curves represent the individual
component conductances of the equation:
dashed line, decrease in gy, dotted linc.
increase in g, ,. dashed-dotted line. in-
crease in gy, .. Details in text.
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The averaged /-1 data in Fig. 11 was well fit by a model
equation that included a term for a decrease in a resting K”
conductance and an increase in a voltage-dependent con-
ductance to Na* and K* (Fig. 14). The model assumes that
the voltage-dependent channel has only open and closed
states, whose rate constants vary exponentially with volt-
age. The general form of the equation is:

Ton = MlE — EX) + [1 + explze/kKTXE, - E.)] '

S aGNE, = E) @, - Ex)l ()

where Agy, is the change in the separate K* conductance:
Ex = =70 mV: Ey\, = +63: the constants kT/e = 25 mV; E,
is the membrane potential where the voltage-dependent
conductance is one-half activated; - is the valence of the
equivalent gating charge: and gk, and gn,. treated sepa-
rately, are the contributions of, respectively, K* conduc-
tance and Na” conductance to the total voltage-dependent
cation conductance. The computed values for best fit of the
experimental data under the constraints of Eq. 2 were:
Agk; = —8nS.2=0.85 E,=76 mV, gx> = 372 nS. and gy,
= 644 nS (R° = 0.99). Although some of the parameter
values of the equation seem well determined by the data,
we do not assume that they are necessarily unique. The
ratio gg./gn, Of 0.58 is comparable to the Py/Py, ratio of
0.52 calculated with Eq. 1.

Also shown in Fig. 14 are curves for the individual cur-
rents constituting the total agonist-induced current as pre-
dicted by Eq. 2: the current from a decrease in a nonvolt-
age-dependent K' conductance; the current from an in-
crease in K', but not Na', conductance of the
voltage-dependent channel; and the current from an in-
crease in a voltage-dependent Na* conductance alone.

DISCUSSION

From these results it is apparent that the current induced
by muscarinic agonist is more complex than earlier cur-
rent-clamp studies predicted. The amplitude of /., de-
pends primarily on [Na], but is also affected by changes
in [K],.

This is the first example of which we are aware of a
muscarinic ACh receptor linked to a slow, voltage-depen-
dent Na' conductance. In vertebrates. muscarinic slow de-
polarizations have generally been found to be caused by
suppression of K* currents (Brown and Adams 1980:
Hartzell 1981; Kuba and Koketsu 1978: Madison et al.
1987: North 1986). In bullfrog sympathetic neurons. Kuba
and Koketsu (1974) found that. in addition to suppression
of K* conductance, muscarinic stimulation also caused a
concomitant increase in conductance to Na' and Ca?*. In
those neurons. depending on the ratio of decreased K*
conductance to increased Na' and Ca?' conductances, the
I-}" curves before and during muscarinic agonist could ei-
ther cross, remain parallel, or even diverge at hyperpolar-
ized potentials. This was further verified by Jones (1985).
who found that at more hyperpolarized potentials, at which
muscarinic voltage-sensitive K* channels are closed. the
agonists can produce an inward current because of an in-
creased conductance, which appears to be mainly a volt-
age-insensitive Na* conductance,
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Neurotransmitter and neurohormonal alteration of a
voltage-dependent, slow inward Na' current has been
noted in a number of invertebrate studies (Barker and
Smith 1976; Ichinose and McAdoo 1988; Kirk et al. 1988:
Ruben et al. 1984). The current we studied seems similar to
the Na* current induced by injection of cyclic nucleotides
into gastropod neurons (Aldenhoff et al. 1983: Connor and
Hockberger 1984: Green and Gillette 1983: Kononenko et
al. 1986). In Aplysia neurons Connor and Hockberger
(1984) found a relationship between the cyclic AMP-in-
duced current and the membrane holding potential similar
to that which we report here. We explain our data by in-
voking the same mechanism that they hypothesized: the
increase in Na*-electrochemical driving force accompany-
ing membrane hyperpolarization may be offset by a de-
crease in the fraction of voltage-activated channels. Be-
cause of the frequent association between the slow inward
Na* current and intracellular cAMP levels. we hypothesize
that this second messenger likely mediates the muscarinic
agonist-induced current in lobster cardiac ganglion moto-
neurons. Preliminary experiments (our unpublished obser-
vations) with the use of inhibitors of phosphodiesterase
support this view,

Although we consider the predominant ionic mecha-
nism of muscarinic excitation to be activation of a voltage-
dependent Na' conductance. we cannot exclude an addi-
tional involvement of a K* conductance. There are several
observations that suggest this additional mechanism. First.
the response i1s dependent on [K],. Second. /... when
determined from /-1" curves, frequently appears to be out-
ward-going at negative membrane potentials: and the best
fit to our averaged experimental data is obtained using an
equation that contains a term for a decrease in K* conduc-
tance. Third, the response is inhibited by combinations of
agents that are typically classed as K channel blockers. On
the other hand. a number of results fail to support the
involvement of a separate K' conductance. Despite the
small outward current seen at negative potentials in the
subtracted -1 curves, we were never able to show an out-
ward current when agonist was applied to a neuron 1n
which the steady holding potential had been shifted to po-
tentials as negative as — 120 mV. Furthermore, in low-Na“
or Na'-free solutions, there was no residual current that
reversed around FY . Instead of. or in addition to. a separate
ionic channel. it is possible that the dependence on [K],
may mainly reflect a significant permeability of the ligand-
and voltage-activated channel to K*. The value of E, that
we found, 35 mV negative to Fx,. would support this idea
(Ruben et al. 1984). Furthermore. the somewhat weak
blocking effect of combinations of agents such as TEA and
Cs* could also be viewed as arnising from their permcation
in a cation channel of this selectivity. The curves trom the
model in Fig. 14 predict that the effects of a decrease in a
K* conductance plus the increase in K* conductance of the
voltage-sensitive cation channel would tend to cancel each
other over a broad voltage range.

We did not study the kinetics of this voltage-dependent
Na/K conductance. but our experimental findings suggest
that its activation may be rapid. since it appears operation-
ally ‘as an “instantaneous’ current.
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We accepted the results of Na*-substitution experiments
with caution because of the many biological effects these
solutions can have, which are not primarily related to the
neurotransmitter action. Wilson et al. (1977) showed that
Tnis buffer is a potent inhibitor of cholinergic responses in
Aplysia. Glucosamine appears to interact with ACh chan-
nels in Aplysia (Marchais and Marty 1980). In some cases,
the ionic strength or osmolality of the solution is affected
by the Na* substitute. Low-Na* solutions may affect Na-
dependent or Na-coupled processes, such as the Na*-K*
pump (Thomas 1972), Na*-Ca®* exchange (Requena et al.
1977), or Na*-H" transport (Thomas 1977).

The action of muscarinic cholinergic agonists on these
neurons appears similar to that produced by proctolin,
Studying lobster neurons under current clamp, Sullivan
and Miller (1984) concluded that proctolin appears to re-
duce a resting K* conductance. The response was not
blocked by TEA, 4-AP, Cs, or quinine, but was reduced in
low-Na* solution. In preliminary experiments, we have
found that proctolin, like cholinergic agonists, also excites
motoneurons by activating a slow inward Na* current
(Freschi 1989). It appears likely that proctolin and ACh,
acting at different receptors, share the same ionic mecha-
nisms (Sullivan and Miller 1984). In this way the lobster
cardiac ganglion resembles the vertebrate sympathetic gan-
glion, in which luteinizing hormone-releasing hormone
and ACh, through different receptors, affect the same con-
ductance mechanisms (Adams and Brown 1980; Jones
1985).
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The effect of ionizing radiation ('*’Cs) on processing and
transport of ribosomal RNA (rRNA) was studied by pulse-label-
ing HeLa S3 cells with [*H]uridine immediately prior to irradia-
tion. This approach permits kinetic analysis of processing of 45
S rRNA (radiolabeled predominantly prior to irradiation) into
its 28 S and 18 S rRNA daughter species following irradiation.
By this technique, we have recently demonstrated an increase in
the normal 28 S:18 S rRNA stoichiometric ratio of 1:1 to as
high as 1.6:1 during the interval 5 to 20 h following irradiation
of Hel.a cells at =7.5 Gy. Alterations in 28 S:18 S ratio were
evaluated in greater detail at early times following irradiation,
up to 2 h. The 28 S:18 S ratio was found to be maximal at 1 h
after radiation, at about 2:1, following 5 or 10 Gy. Using a
method for rapid separation of nucleus from cytoplasm, trans-
port of rRNA from nucleus to cytoplasm was also evaluated dur-
ing this period. Despite an increase in the rate of 45 S rRNA
processing, as well as an increased 28 S:18 S ratio, no alterations
in transport from nucleus to cytoplasm were detected. This lack
of transport alteration suggests that accumulation of excess 28
S rRNA s restricted to the nucleus, where it may represent an
early step in the process of radiation-induced cell killing. < 1990

Academic Press, Inc.

INTRODUCTION

In recent investigations on the effects of radiation on
rRNA processing in HeLa S3 cells, we pulse-labeled the
cells with [*H]uridine immediately prior to irradiation (/).
The 45 S rRNA precursor. which undergoes nuclear pro-
cessing to form one each of its major daughter species, 28 S
and 18 SrRNA, was separated from the daughter species by
gel electrophoresis and the radiolabel in each species deter-
mined at various times after irradiation. By pulse-labeling
the cells prior to irradiation, superimposed effects caused
by radiation-induced alterations of rRNA transcription ((/)

' To whom correspondence should be addressed.

and Refs. therein) were minimized, permitting selective
analysis of the processing of that fraction of 45 S precursor
that had been synthesized (radiolabeled) predominantly
prior to irradiation. Processing in control cells yielded the
normal stoichiometric ratio of 28 S:18 S rRNA of 1:1 (/-
4). However, irradiated cells showed two effects: (1) an ac-
celerated conversion of radiolabeled 45 S rRNA to 28 Sand
18 S species: (i1) an altered stoichiometry of 28 S:18 STRNA
of about 1.6:1 stably maintained from 5 to 20 h following
irradiation of 10 or 20 Gy (/).

We now report more detailed studies on 45 S rRNA pro-
cessing within the first 2 h following irradiation in which we
have found a maximum 28 S:18 S ratio of 2:1 that is ob-
served about | h following irradiation of 5 or 10 Gy. Con-
current studies on nuclear export of the daughter species do
not provide evidence of an altered 28 S:18 S ratio in the
cytoplasm.

MATERIALS AND METHODS

Cell Culture

Hel.a S3 cells were cultured as previously described (/). All experiments
emploved asynchronously growing monolayers at 1-2 x 10" cells/cm?,
with a doubling time of 20 h. Cells were seeded 3 days prior to use.

Isotope Labeling of Cells und Exposure to lonizing Radiation

Cells were labeled in complete conditioned medium containing [5.6-*H]-
uridine (50 Ci/mmol; DuPont NEN) at 70 uCi/ml for experiments in
which RNA was selectively harvested or 10 uCi/ml for experiments in
which acid-insoluble incorporation was measured. Incubation in the pres-
ence of label was for |5 min, after which the flasks were washed three times
with unlabeled prewarmed medium. After washing, unlabeled prewarmed.
complete conditioned. and CO;-equilibrated medium was added to the
flasks which were immediately exposed at 70 Gy/h using a ' ’Cs source at
room temperature (/).

Measurement of Radiolabel in rRN A Species

Total RNA was collected and punfied using guanidine isothiocvanate
(Gl), as previously described (/). Cytoplasmic RNA was collected using a
modification of the technigue of Butler (5): cells were washed twice with
ice-cold culture medium and once with ice-cold phosphate-buffered saline.
and then treated for 2 min with reticulocyte sensitizing buffer (RSB: ice-
cold Tris-HCl, pH 7.0, 10 mAf, NaCl. 10 mA, MgCl,. 3 m.AM) 1o induce
osmotic swelling of the cells. The RSB was removed. and monolavers in

0033-7587/90 $3.00
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FIG. 1. Gel electrophoresis of whole cell RNA labeled with [*H]uri-
dine. After 15 min of labeling, flasks were washed in prewarmed condi-
tioned full medium and either exposed to S Gy or held at room tempera-
ture for the same duration (4.3 min). RNA was then harvested immediately
or after further incubation of flasks at 37°C for 1 or 2 h. The arrows indicate
the location of rRNA species visualized in the ethidium bromide-stained
gels. Control (1). 5 Gy (a).

each flask were then dissolved in 0.8 ml of the following: 5 g ethylhexade-
cyldimethylammonium bromide plus 3 ml glacial acetic acid brought to
100 ml in water. This solution lyses the plasma membrane but not the
nuclei (5). Immediately following. 2.3 ml of 10 mAM Tns-HCI. pH 7.5.
containing 10 mAf EDTA and vanady! ribonucleoside inhibitor (Sigma),
1:20 dilution. was added to each flask, and the resulting solution was centri-
fuged at room temperature at 1500g for £ min to pellet the nuclei. The
supernatant (cytoplasmic) fraction was ethanol-precipitated twice and the
peliet resuspended in Gl solution and processed as for whole cells (/). A
total of 6.5 ug RNA per lane (either whole cell or cytoplasmic RNA) was
taken for agarose-formaldehyde gel electrophoresis. as described (/). The
45 S, 28 S. and 18 S rRNA bands were visualized by ethidium bromide
staining of the gel, as described (/). The gels were either sliced into |-mm
fractions and the radioactivity was determined by scintillation counting or
blottzg Lnto a nylon membrane: the blot was cut into 2-mm fractions and
radioactivity was determined by scintillation counting, as previously de-
scribed (1).

The modified technique of Butler, described above, consistently yielded
undegraded cytoplasmic rRNA, with readily identified, clearly separated
28 Sand {8 S peaks (¢.g.. Fig. 4). In control experiments, the nuclear pellet
obtained with this technique was dissolved in Gl solution, and RNA was
purified as for whole cells (/) and subjected to gel electrophoresis. Unlike

FUCHS ET AL.

preparations of total or cytoplasmic RNA, the RNA from isolated nuclei
using our procedure appeared partially degraded and rRNA species were
difficult to identify with confidence.

Measurement of Radiolabel in Acid-Insoluble Fraction

At the desired postirradiation time, monolayers in T-25 flasks were pro-
cessed into nuclear and cytoplasmic fractions using the modified Butler
technique (5) described above. Fifty-microliter aliquots of the cytoplasmic
fraction were precipitated on Whatman 3MM filters with 5% trichloroace-
tic acid. The nuclear pellet was washed twice with ice-cold phosphate-
buffered saline, resuspended in 1% SDS, and sheared several times with a
22-gauge needle to reduce the viscosity of the resulting solution, and 50-u!
aliquots were precipitated on Whatman 3MM filters with 5% trichloroace-
tic acid. .

RESULTS

HeLa S3 cells were pulse-labeled with [*H]uridine for 15
min, followed immediately by washing and irradiation. In
prior studies under identical conditions (/), we found that
(a) the great majority of acid-insoluble incorporation oc-
curred by the end of the 15-min pulse-labeling period; (b)
radiation up to 20 Gy did not alter subsequent incorpora-
tion of [*H}uridine into the acid-insoluble fraction; and (c)
synthesis of 45 S rRNA precursor following irradiation was
unaffected by exposures up to 20 Gy.
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FIG. 2. Relativeamountsof458S, 28 S, and 18 S rRNA in cells exposed
to 5 or 10 Gy. Procedure as in legend to Fig. 1. Two independent experi-
ments on control cells, three on cells receiving S Gy, and four on cells
receiving 10 Gy were analyzed for the relative areas under the 45 S, 28 S,
and {8 S rRNA peaks. Brackets indicate SE. Control (O): 5 Gy (O): 10 Gy
(m).
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F'G. 3. Transport of acid-insoluble [*H]uridine from nucleus to cyto-
plasm. Cells were labeled for 15 min with [*H]uridine. followed by washing
and incubation for indicated duration. All experiments were accompanied
by unirradiated controls processed in parallel. Cytoplasmic fraction was
analyvzed for TCA-precipitable incorporation (U, control: @, irradiated).
and 1n the case of 7.5 Gy, the nuclear pellet was also analyzed (O, control;
®. irradiated). Points represent the means of six determinations. In all cases
SE was < 5.2% of the indicated values.

Figure | shows clecjrophoretic profiles of total RNA.
pulse-labeled for 15 min with [*H]uridine prior to an expo-
sure of 5 Gy. RNA was harvested either immediately fol-
lowing irradiation or after further incubation of the flasks
for 1 or 2 h at 37°C. Compared to RNA from control cells,
at the 1- and 2-h time points there was a decrease in radiola-
beled 45 S and 18 S rRNA and an increase in radiolabeled
28 SrRNA. Previous studies (/) focused attention on alter-
ations in the 28 S:18 S ratio that remained the same from 5
to 20 h after irradiation, 20 h being the latest time evaluated.
However, studies shown here indicate that alterations in 45
S. 28 S. and 18 S rRNA are even more dramatic at shorter
times (Fig. 2). From the experimental data summarized in
Fig. 2. it can be calculated that the 28 S:18 S stoichiometric
ratio is masimal at 1 h. at about 2:1. following either 5 or
10 Gy. and only about 1:1 in control cells. the expected ra-
tio. These calculations take into account the difference in
uracil content in the 28 S and 18 S rRNA species. as pre-
viously discussed (/).

Although rRNA specie content is altered in total RNA
preparations, it is not known whether transport from nu-
cleus to cytoplasm reflects this alteration, yielding perturba-
tions in cytoplasmic rRNA content. It might be expected
that the accelerated conversion of 45 S rRNA to smaller
species results in a higher rate of transfer of [*H]uridine-

labeled species to the cytoplasm. However, findings illus-
trated in Fig. 3 indicate that transfer of acid-soluble label
from nucleus to cytoplasm is unaffected following 7.5. 10.
or 20 Gy, for up to 2 h. It could be that the increased 28 S: 18
S ratio of newly processed rRNA. maximal at | h following
irradiation, might yield an altered ratio of transport of these
daughter species to the cytoplasm without measurably
affecting total transport. However, as illustrated in Fig. 4.
the content of newly synthesized rRNA in the cytoplasm 60
min following irradiation (approximately 80 min following
initiation of 15 min pulse label} is identical to that in control
cells. The label in cytoplasmic 18 S rRNA is greater than
cytoplasmic 28 S rRNA (Fig. 4): this is consistent with prior
findings that the movement of the newly formed 40 S ribo-
somal subunits from the nuclei in HeLa cells proceeds more
swiftly than the movement of the 60 S ribosomaj sub-
unit (6).

DISCUSSION

We previously measured the stoichiometric ratio of
newly processed 28 S:18 S rRNA in whole Hel.a S3 cells at
times =5 h following irradiation (/). The 28 S:18 S ratio
was altered in a dose-dependent fashion. deviating from the
normal of 1:1 in control cells (/-4) to a maximum of 1.6:1
following 20 Gy (/). The current study extends these obser-
vations to earlier times after irradiation, within the first 2 h.
We found that the aberrant 28 S:18 S ratio is somewhat
larger during the first 2 h (2:1) than at later times (1.6:1),
and this difference is detectable following 5 Gy as well as 10
Gy (Fig. 2). At later times (=5 h) an altered 28 S:18 S ratio
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FIG. 4. Labeled rRNA in cytoplasmic fraction 1 h after irradiation.
See Materials and Methods for technique and text for further explanation.
The location of 28 S and 18 S rRNA species in the ethidium bromide-
stained gel are indicated. No 45 S rRNA is present in the cytoplasmic frac-
tion. The location of this species is approximated by comparison to whole
cell RNA gels. Control (1), 10 Gy ().
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was not found following 5 Gy (1), suggesting a degree of
cellular recovery following this lower exposure.

As previously, we suggest that the most likely explanation
for the altered 28 S:18 S ratio is degradation of the 18 §
portion of the 45 S rRNA precursor during or after process-
ing (/). This suggestion is based on the exclusion of three
other possible explanations, as follows:

(1) The altered 28 S:18 S ratio is unlikely to be related to
alterations in 45 S precursor transcription for two reasons.
First. pulse-labeling was completed prior to irradiation, fa-
ctlitating observation of processing. and minimizing obser-
vation of effects caused by postirradiation rRNA synthesis
(). Second. even if the measurements were influenced by
residual postirradiation incorporation. the opposite result
would be expected: since the 18 S portion of the 45 S precur-
sor is upstream from the 28 S portion. postirradiation inhi-
bition of synthesis, yielding partial transcripts. would in-
crease the relative amount of 18 S rRNA, contrary to what
was found.

(i1) Effects caused by radiation-induced uridine pool al-
terations are also an unlikely explanation. for at least two
reasons: First. labeling was performed prior to irradiation.
Second. since both the 28 S and 18 S rRNA species derive
from a single 45 S precursor. any alteration in the specific
activity of intracellular pools would affect both daughter
species. failing to alter their measured ratio.

(111) Direct damage of rRNA by 10onizing radiation is un-
likely to be responsible for the increased 28 S:18 S ratio for
two reasons. First, at doses emploved in this study direct
damage to 45 S rRNA or its daughter species is expected to
be slight (7). Second. if direct effects were occurring, 28 S
rRNA would be expected to present a larger target than 18
S rRNA. decreasing the relative amount of 28 STRNA. the
opposite of what was found.

Cooper observed an increased 28 S:18 S rRNA ratio fol-
lowing pulse-labeling of resting lymphocytes. but not in mi-
togen-stimulated proliferating lvmphocytes. and proposed.
as we have, that 18 S rRNA was undergoing degradation in
the nondividing cells (7). He also proposed that mainte-
nance of cellular integrity would not permit continued ac-
cumulation of excess 28 S rRNA in resting lymphocytes.
and demonstrated that 28 S rRNA was subsequently de-
graded. restoring the 28 S:18 S labeling ratio to normal (8).
This degradation of 18 S and 28 S rRNA may represent an
adaptation to cell cvele arrest. reducing the number of
newly synthesized ribosomes that would otherwise be re-
quired for cellular proliferation (/. 7. 8). However, we tailed
to detect any restoration of normal labeling ratio in Hel.a

cells for durations up to 20 h following irradiation. Perhaps
the orderly degradation of excess rRNA in resting cells, first
18 S followed by 28 S rRNA, does not occur in irradiated
cells because of abnormal regulation of cellular rRNA con-
tent following lethal exposures.

The current studies show that total transport of RNA
from the nucleus to the cytoplasm is not affected by the rela-
tive overabundance of 28 S rRNA detected in whole cells
(Fig. 3). The 28 S:18 S ratio of newly processed rRNA in
the cytoplasm was also normal following 10 Gy (Fig. 4).
These measurements were carried out within the first 2 h
after irradiation when the altered labeling ratio is maxi-
mum. Taken together, they suggest that the relative over-
abundance of 28 S rRNA is limited to the nucleus. How-
ever. direct measurement of 28 S:18 S ratio in the nucleus
(in contrast to whole cells and the cytoplasmic fraction) was
not accomplished because of technical limitations (Materi-
als and Methods). Studies have not vet been carried out to
determine whether an altered ratio in the cytoplasm might
occur at later times. The apparent accumulation of excess
28 S rRNA in the nucleus. suggested by the current studies.
may represent an early step in the process of radiation-in-
duced cell killing.
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Abstract — The relative effectiveness (RE) of alanine has been calculated for neutrons using the RE of alanine for
charged particles. The neutrons interact with one or more of the elements (hydrogen, carbon, nitrogen and oxygen) that
compose the alaninc. These interactions produce spectra of secondary charged particles consisting of ions of H, D, He,
Be. B. C. N, and O. From a combination of the calculated secondary charged particle spectra generated by the slowing
down neutrons, and the calculated RE of the ions produced, a RE for the neutrons can be obtained. In addition, lineal
energy spectra were determined for ncutrons with energies up to 17.1 MeV interacting with alanine. An analytical code
was used to calculate these spectra for a 1 pm diameter alanine cell surrounded by an alanine medium. For comparison,
similar calculations were made for muscle tissue. Finally, the calculated differential RE was folded with dose distributions

to obtain RE-weighted distributions for alanine.

INTRODUCTION

The response of a biological system to various
kinds of ionising radiation is described by a concept
called relative biological effectiveness (RBE).
Similarly, the response of a non-biological system,
such as a physical or chemical system, is described
by a concept called relative effectiveness (RE). Like
RBE, RE can be expressed as a function of linear
energy transfer (LET).

The RE of high LET radiation is defined as the
ratio of doses from the low and high LET radiations
(ia this work the low LET radiation is ®Co) that
produces the same radiation response under
identical target conditions. Unlike most biological
systems, physical and chemical systems generally
display a decrease in RE with increasing LET and
have RE values equal to or less than unity.

Values of RE for alanine exposed to various
charged particles have been predicted from model
calculations and measured'!-? using the electron spin
resonance technique. This technique can be used
since radiation-induced stable free radicals are
produced in alanine. RE can be calculated over a
wide range of LET and particle parameters, and
calculated predictions based on the track structure
theory of heavy charged particles® show agreement
with measured data.

Alanine is a particularly interesting material for

use as a detector for radiation dosimetry as it has
linearity of response over a wide range of dose, good
time stability of the induced free radicals,
availability of a non-destructive read-out technique
and accuracy and repeatability of measurements.
Alanine dosimetry is an attractive alternative to the
ferrous sulphate, or Fricke, system of dosimetry. In
addition, the chemical composition of alanine
(CH;-CH(NH,)-COOH) is quite close to that of
tissue, making the amino acid particularly suitable
for neutron dosimetry.

OBJECTIVES

Very little information is available concerning the
RE of alanine exposed to neutron radiations. When
material is irradiated by neutrons, the ionising
radiation produced is principally charged particles.
Thus it is possible to calculate the neutron RE of
alanine if the initial energy spectra of charged
particles caused by neutrons are known, and if the
RE of each charged particle is known at each
energy.

The first objective of this study is to calculate the
RE for alanine irradiated with neutrons having
energies between 0.1 MeV and 17.1 MeV. The
second objective is to calculate the dose distribution
for alanine as a function of lineal energy and
compare the result with that of tissue. The third
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Figure 1. Inverse of the RE of alanine irradiated with
protons. These data show the response for completely
stopped particles that started with an initial energy given
on the abscissa. The solid line is based on calculated and
measured data; the dashed line is a modified hyperbolic
function fit. A similar hyperbotic function fit was obtained
for each of the different charged particles produced by the

neutrons.
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Figure 2. RE for alanine at different neutron energies. The

asterisks are the results of our calculations. The solid

circles are experimental data and the open circles are

calculated data; these data were obtained from the
literature on alanine.

objective is to fold the calculated RE with its dose
distribution and obtain a RE-weighted dose
-distribution for alanine.

RELATIVE EFFECTIVENESS

Figure 1 shows the inverse of the RE of alanine
exposed to protons. These data show the response
for completely stopped particles that started with an
initial energy as given on the abscissa. The solid line
shows data based on both measurements and

calculations. The dashed line is a fit to these data
using a modified hyperbolic function. For each
charged particle a similar function with different
constants was determined. These functions were
then folded with the initial energy spectra of charged
particles created by monoenergetic neutrons of a
given energy. The RE for alanine was then
determined at several neutron energies.
RE is calculated according to

i SJ Emax
i 0

n(E) . E . RE(E).dE
RE = =!

8 Emax
J n(E).E.dE
170

[

where n(E) is the initial energy distribution of the
i-th charged particle, and RE(E) is RE as a function
of energy for the same particle.

Figure 2 shows the RE for alanine calculated by
combining the initial energy spectra of charged
particles with their RE. Each of our calculated data
points is shown as an asterisk over the neutron
energy range between 0.1 MeV and 17.1 MeV. The
oscillations of the data points are due to
experimental variations in the nuclear cross section
data used to calculate the initial spectra of heavy
ions. Results of the measurements for the RE, as
found in the literature'®’, are shown as solid points
with indicated error bars. Results of three other
calculations are shown as open circles at 7.5 MeV
and 14.0 MeV'®,

Relative to the measured data, our calculated
data give a higher RE below 6 MeV and a lower RE
above 13 MeV. Our calculated data consider
neutrons that are nearly monoenergetic; the neutron
energy bin width is only 200 keV wide. This
contrasts with the measured data in which the
neutrons are polyenergetic, with neutron energies in
some cases ranging over many MeV of energy. The
measurements must also extract the large RE
contribution due to photons in the neutron beams.

The primary input for our calculations is the
ENDF/B-V nuclear data file'” of the National
Nuclear Data Center at Brookhaven; a2 more recent
evaluated data set®” was used for the carbon cross
section. The computer program developed at the
National Institute of Standards and Technology'®®
was used for the calculations.

DOSE DISTRIBUTIONS

Figure 3 shows the calculated dose distribution for
a 1 um cavity as a function of lineal energy (y). The
radiation source was monoenergetic neutrons at 1.1
MeV. Figure 4 shows the same except the neutron
energy was 16.9 MeV. We assumed that the cavity
and surrounding wall were made of the same
material. Calculations were then made where
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material was either tissue or alanine. The curves in
Figures 3 and 4 indicate how the dose distribution
varies between the two materials. RE values
determined in the previous section were not used in
these calculations.

The major contribution to the dose at a neutron
energy of 1.1 MeV is due to elastically-scattered
protons from hydrogen contained in both tissue and
alanine. The dose from the protons shows as a broad
peak cgntred near 50 keV.um™ in Figure 3. The
calculated dose is higher for tissue because tissue has
29% more hydrogen. The dose above the proton
cut-off at 150 keV.um™! is due to a small number of
heavy-ion recoils. Table 1 gives percentage by
weight of the elemental composition for alanine!'”)
and tissue. The composition of tissue is given by the
International Commission on Radiation Units and
Measurements (ICRU)!'V,

At 16.9 MeV, the broad peak due to the protons
shifts down in.lineal energy and is centred near 7
keV.um™ in Figure 4. The shift occurs because the
rate of energy loss in the cavity is less for higher
energy protons caused by the 16.9 MeV neutrons
than for low energy protons caused by the 1.1 MeV
neutrons.

Like the calculation at a neutron energy of 1.1
MeV, the dose distribution from the 16.9 MeV
neutrons in the lineal energy region of 7 keV.um™ is
greater for tissue than for alanine. However, in the
region above 150 keV.um™!, the reverse holds true;
the dose distribution from alanine is greater than
that of tissue because the alanine has a larger
fraction of carbon and nitrogen compared with
tissue. For these elements at this neutron energy,
more reaction channels are open for producing
alpha particles and heavy ion recoils; these ions
contribute a substantial dose in this lineal energy
region.

3.
2.5 wee Tissue =
3 ——Alanine b
2.0 4
’;‘ I Lat) }
g 1.5~ N -
o | ; i
1.0 .
0.5+ -
o] -
0 y T T
1 10 102 103 104

Lineal energy, ¥ (keV.Um'l)

Figure 3. Calculated dose distributions in lineal energy for
alanine and tissue at a monoenergetic neutron energy of
1.1 MeV. The solid line is the result for alanine and the
dashed line is the result for ICRU tissue. The large peaks
are caused by the dose contribution from the protons.
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Figure 4. Same as Figure 3 except at a monoenergetic

neutron energy of 16.9 MeV. Note that the large peaks

have now shifted to a lower lineal energys; this is explained
in the text.

Table 1. Elemental composition of alanine and tissue.

Material H C N O
Alanine 7.92 40.44 15.72 35.92
Tissue 10.20 12.30 3.50 74.00*

* In tissue, the six elements with a Z greater than 8 were
considered to be oxygen. The per cent by weight of these
few elements was equal to 1.10 and was added to that of
oxygen.

Figures 5 and 6 show dose distributions as a
function of lineal energy for alanine at neutron
energies 1.1 and 16.9 MeV, respectively. The
dashed curves show spectra of energy deposited by
the charged particles weighted with the differential
RE of the ions and normalised to the average RE for
that neutron energy. This weighting and
normalisation produces some distortion of the y
spectra which can be seen by comparing the
unmodified y spectra with the modified y spectra
shown as solid curves in these figures. For example,
for the 1.1 MeV neutrons, the proton edge —
normally around 150 keV.um™ — is reduced to 90
keV.um™' because. in this region, the protons have a
differential response which is lower than the average
response for the 1.1 MeV neutrons. The shift is in
the opposite direction for the region around 30
keV.um™'; in this region the protons have an
average differential response which is greater than
the average response for the neutrons. Although
difficult to interpret because more charged particles
are involved, similar reasoning explains the
distortion for the weighted y spectrum for 16.9 MeV
neutrons. The solid curves, shown in these two
figures for comparison with the dashed curves, are
the same as the solid curves shown in Figures 3 and
4.
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Figure 5. Calculated dose distributions in lineal energy for
alanine determined at a neutron energy of 1.1 MeV. The
dashed curve shows the spectrum of energy deposited by
the charged particles wcighted with the differential RE of
the ions and normalised to the average RE for that ncutron
energy. This modification produces a distortion of the y
spectrum which can be seen by comparing the modified
spectrum with the unmodified spectrum shown as a solid
line in this figure. The solid line is the unweighted
distribution shown in the previous figure and repeated here
for comparison with the weighted result. The reasons for
the distortions are explained in the text.
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In general, the effect of the weighted RE on the
dose distributions is the same for the results
calculated at neutron energies 1.1 MeV and 16.9
MeV. Low y events are emphasised and high y
events are de-emphasised because RE decreases
with increasing LET. In addition, heavier ions also
have a lower RE.

CONCLUSIONS

The RE for alanine has been calculated for
monoenergetic neutrons with energies between 0.1
MeV and 17.1 MeV. Comparison of these results
with measurements indicates gencral agreement but
shows a somewhat higher calculated RE for lower
neutron energies and a lower RE for higher neutron
energies. The reason for these differences is being
investigated.

The dose distribution as a function of lineal
energy has been calculated at several neutron
energies for alanine; comparison of these results is
made with that of ICRU tissue. Differences
observed are readily explained by the relative
proportions of hydrogen, carbon, nitrogen, and
oxygen found in the two materials.

Dose distributions for alanine, weighted with the
differential RE values, were also calculated. The
results when compared with the unweighted data
show an increase of dose for low y events and a
decrease of dose for the high y events. These results
are consistent with a decreasing RE for values of
high LET.
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SUMMARY

Canine circulating neutrophils, isolated by a blood lys-
ing technique, were incubated with 7-S nerve growth fac-
tor (NGF), at final concentrations between 12.5 and 800
ng/ml, for 30 minutes at 37 C. Neutrophil cytosolic H,0,
production, measured by flow cytometry, after 7-S NGF
incubation was not significantly different from that pro-
duced at 37 C (baseline temperature controls) alone.
Phorbol myristate acetate (PMA; 100 ng/ml) stimulation
of neutrophils produced cytosolic H,O, concentrations al-
most 13 times that of baseline temperature control neu-
trophils. Preincubation of neutrophils with 7-S NGF (100
to 800 ng/ml, 30 minutes, 37 C) and subsequent stim-
ulation by PMA resulted in augmented H,O, production
in excess of twice that of neutrophils treated with pMa
alone, and almost 30 times that of baseline temperature
controls.

It has become apparent that individual cytokines have
the capacity to exert multiple biological effects. Examples
are platelet-derived growth factor, which is a cellular
mitogen! and a chemoattractant,? and thrombin, which
is a blood clotting enzyme, a cellular mitogen,® and a
chemoattractant.® Sources of bioregulatory cytokines may
include cells or specialized tissues (eg, glands). Salivary
gland secretions have been examined based on observa-
tions that, in addition to enzymatic and hydrolytic activ-
ities, saliva also promoted healing. Saliva contains many
biologically active substances including epidermal growth
factor,® kallikrein,® amylase,” lysozyme,® immunoglobu-
lins,” renin,® and nerve growth factor (NGF).!%!! Despite
its descriptive designation, NGF is capable of neuronal
and nonneuronal biological activities. In serum and sa-
liva, NGF exists principally in 2 molecular weights, with
sedimentation coefficients (S) of 2.5 and 7.!° The 2.5-S
NGF form promotes neuronal outgrowth from embryonic
sensory ganglia.!!12 The 7-S NGF form, topically applied
to skin wounds of mice, accelerated wound contraction
and healing processes.!®> Because the presence (or ab-
sence) of bioregulatory or inflammatory mediator sub-
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stances may considerably aiter the host’s ability to respond
to tissue damage or initiate wound repair, we examined
the metabolic responses of isolated canine neutrophils after
incubation with 7-S NGF. Neutrophils were selected be-
cause they represent the host’s primary cellular elements
of nonspecific resistance. The canine model was selected
because of its preclinical model status for examination of
septic shock!4'16 and cardiac!” and pulmonary injuries.®

Materials and Methods

Reagents—Stock solutions of dichlorofluorescin diace-
tate (DCFH-DA®; 5 mM) were stored in absolute ethanol.
Phorbol myristate acetate (PMA)® was dissolved in dime-
thylsulfoxide® at a concentration of 0.01M and stored at
4 C until used. Fetal bovine serum (FBS)¢ was heat-inac-
tivated (56 C, 60 minutes) and filtered (0.45 um) before
use.

Dogs—Beagles (10 to 12 kg, 1 to 2 years old) were used
in the study. Dogs were quarantined on arrival and
screened for evidence of disease before being released for
the study. Dogs were individually kenneled and provided
commercial dog chow and tap water ad libitum. Animal
holding rooms were maintained at 21 + 1 C with 50 =
10% relative humidity, using at least 10 changes of 100%
conditioned fresh air/h; the lighting schedule was a 12-
hour light/dark full-spectrum cycle with no twilight.

Neutrophil isolation —Blood (5 ml) was drawn from the
lateral saphenous vein once weekly into syringes con-
taining preservative-free heparin® (10 U/ml). Blood was
washed in Hanks balanced salt solution? without Ca?*
and Mg?+ (400 x g, 10 minutes, 21 C). Contaminating
RBC were lysed with 0.83% NH,Cl® (10 minutes, 4 C), and
the leukocytes were pelleted by centrifugation. The cell
pellet was minimally resuspended in phosphate-buffered
saline solution (PBss)? supplemented with 0.2% heat-in-
activated rBs. Wright-stained blood smears were pre-
pared for differential and morphologic examination.
Complete blood cell count was determined by automated
analysis.f

NGF tncubation —Commercial 7-S NGF¢ (mol wt 130,000
obtained from mouse submaxillary glands by the method
of Varon et al'® was added to isolated canine neutrophils
in PBSS supplemented with 0.2% FBs and 10% 50 pM glu-
cose. Final concentration(s) ranged between 12.5 and 800

* Eastman Kodak Co. Rochester, NY.

® Sigma Chemical Co, St Louis, Mo.

¢ Hyclone Laboratories, Logan, Utah.

4 Grand Island Biological Co, Grand Island, NY.
* Fischer Scientific, Silver Spring, Md.

! Coulter Electronics, Hialeah, Fla.

¢ Collaborative R ch Inc, Lexington, Mass.
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ng of 7-S NGF/108 cells/ml. Cells were incubated with 7-
S NGF for 15 to 30 minutes at 37 C.

Measurement of intracellular H,0, production —Hydro-
gen peroxide production was measured by flow cytometry
essentially as described by Bass et al.2® The DCFH-DA, a
nonpolar, nonfluorescent compound diffused through cell
niembranes, was hydrolyzed by cellular esterases to non-
fluorescent, intracellularly trapped 2',7’'-dichlorofluores-
cin. The H,0, produced by activated neutrophils oxidizes
2'7"-dichlorofluorescin to the fluorescent analogue 2',7'-
dichlorofluorescein. Neutrophils (10% cells/ml) were in-
cubated with 5 WM DCFH-DA in PBSS supplemented with
0.2% FBs and 10% 50-uM glucose for 10 minutes at 37 C,
then stimulated with PMA (100 ng/ml) or variable con-
centrations of 7-S NGF for 15 minutes. Other neutrophil
aliquots were primed with 7-S NGF for 30 minutes and
subsequently stimulated with PMA. Intracellular fluores-
cence was measured by flow cytometry on a fluorescence-
activated cell sorter analyzer.! The percentage change in
H,0, production was determined by the formula:

Mean fluorescent intensity (FL),
experimental — FL, control
FL, control

Statistical analysis—All data are expressed as the mean
* SEM. Statistical differences were determined, using the
Student ¢ test. Probability values < 0.05 were considered
statistically significant.

Results

Phorbol myristate acetate has been used to activate the
protein kinase C (PKC)-dependent oxidative metabolism
of neutrophils.?! We previously determined that the met-
abolic effects (ie, H,0, production) of PMA on canine neu-
trophils were near maximal at 100 ng of PMA/ml.22 This
concentration was used throughout this study as the pMA
reference standard. Table 1 indicates the cytosolic H,0,
production in neutrophils incubated at 37 C (baseline
temperature control) alone, or in the presence of either
PMA (100 ng/ml) or 7-S NGF (400 ng/ml). Phorbol myris-
tate acetate-induced neutrophil cytosolic H,0, production
was 13 times that of temperature-control neutrophils.
There was no difference between H,0, production by
baseline temperature-control neutrophils or those incu-
bated with 7-S NGF.

The ability of NGF (50 ng/ml) to stimulate cellular Pkc??
activity prompted examination of the 7-S NGF upregula-
tion of isolated canine neutrophils to secondary stim-

* Becton, Dickinson & Co. Mountain View, Calif

Table 1—Increases* in neutrophil cytosalic H,0, concen-
trations as a function of treatment
I

Increase H.0, production

| Treatmentis) [= sgMm. x 100)
137 C 105 = 013
1'37C « T3 ~cF 097 =~ 0.11
F37C + rva 1325 = 114+
37C « 7S NGF + PMA 39.19 = 264t

* All increases were normalized to a T = 0-minute mea-
sure and are expressed in terms of fold increases (= SEM)
relative to T = 0 minute. {ndividual experimental means
were calculated from a minimum of 10,000 cellular events |
t P < 0.05. compared with 37 C treatment
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ulation. In neutrophils incubated for 30 minutes in me-
dium containing 7-S NGF (400 ng/ml) and subsequently
stimulated with PMA, cytosolic H,0, production was greater
than twice that of cells not preincubated, and almost 30
times higher than that of baseline temperature-control
cells (Table 1). Figure 1 is a dose-response curve of 7-S
NGF priming for secondary stimulation by pMA. Hydrogen
peroxide production was significantly (P < 0.001) aug-
mented after preincubation with 100 ng of 7-S NGF/ml.
Maximal H,0, production was observed after preincu-
bation of cells with 200 to 800 ng of 7-S NGF/ml prior to
PMA stimulation.

Discussion

It has become apparent that growth factors biologically
affect a wide variety of target cells. In this study, we
suggest that in addition to its neurobiologic prop-
erties,2*?? NGF is capable of influencing the oxidative me-
tabolism (ie, H,0, production) of nonspecific inflamma-
tory cells, ie, neutrophils. Although 7-S NGF alone had no
direct effect on in vitro neutrophil cytosolic H,O, produc-
tion, preincubation of neutrophils withi 7-S NGF resulted
in substantially enhanced production of cytosolic H,0, in
response to secondary stimulation with PMA. Neutrophils
preincubated with 7-S NGF responded to PMA stimulation

~at production in excess of twice that of PMA alone.

Despite recognition of NGF as a neurobiologic stimulat-
ing factor, concentrations of 7-S NGF in tissues and fluids
have remained somewhat uncertain, owing in large part
to quantitative differences obtained by application of the
chicken embryo dorsal root ganglion bicassay®* or
radioimmunoassay!®-2® techniques. Reported human
plasma 7-S NGF concentration has ranged between 3.9%°
and 600%° ng/ml, and reported mouse plasma concentra-
tion ranges between 23! and 1,590%° ng/ml. Organ con-
centrations likewise have been reported to have wide
ranges. Male mouse submaxillary glands, for example.
have been reported to have NGF concentrations between
0.85 and 35 mg/g (wet weight).?°*2 Because little infor-
mation existed on the effects of 7-S NGF on hematopoietic
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inflammatory cells, we investigated the cellular meta-
bolic effects of 7-S NGF on neutrophils at concentrations
within previously reported maxima.

The cellular mechanisms by which pMA and 7-S NGF
operate may indicate some metabolic commonality in the
involvement of PKC. The role of PKC in biological signal
transduction has been previously described.3® Phorbol
myristate acetate activates cellular PKC and mimics some
actions of NGF. Added to serum-free medium, PMA sup-
ports neuronal survival and outgrowth in a manner sim-
ilar to NGF.3¢ The PC12 cell cultures treated with 50 ng
of NGF/ml responded with four- to fivefold increases in
PKC activity within 60 minutes.?® It was suggested by
Hama et al?? that PC12 cells treated with NGF may have
cytosolic cofactors generated for PKC. The cytosolic avail-
ability of cofactors, although representing an attractive
explanation for the 7-S NGF-induced hypermetabolic re-
sults reported here, remains an area that deserves fur-
ther examination.

We have reported that 7-S NGF significantly influences
the cellular oxidative metabolism of neutrophils in vitro
by priming them for secondary stimulation. In a clinical
scenario, altered in vivo concentrations of NGF, or other
cytokines, could exacerbate tissue injury and inflamma-
tion via the indiscriminant release of toxic oxygen radi-
cals. The mechanism(s) by which NGF or other cytokines
are released or affect cellular function(s) are areas that
deserve further investigation.
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Assays for tumor necrosis factor (TNF) may be inhibited by nonspecific factors present in body fluids.
We found that the ability to quantitate TNF is greatly affected by blood processing methods. Mice were
anesthetized by inhalation of methoxyflurane before obtaining blood by cardiac puncture. The blood from
a group of mice was allowed to clot before recovery of serum. Plasmas were obtained from three other
groups of mice after collection of blood into tubes containing EDTA, sodium citrate, or preservative-free
heparin. The pooled serum or plasmas were spiked with rhTNF to a final concentration of 1 pg/ml and
aliquoted for frozen storage. The serum and plasmas were divided into heated (56°C for 30 min) and
unheated portions prior to a standard 1929 cytotoxicity assay. Comparison of absorbances at 595 nm after
crystal violet staining of cells revealed differences in detection of TNF in plasmas compared to serum and
in heated compared to nonheated samples. Citrated plasma clotted in the assay at dilutions at or below
1:25. EDTA plasma consistently produced unexplained lysis of L929 cells in both heated and unheated
unspiked samples. We conclude that TNF levels should be determined only in heat treated serum samples,
and that comparisons be made against both a TNF standard and a TNF standard prepared in normal
homologous serum that can be heated and assayed in parallel with the test samples.

Key words: Tumor necrosis factor; Bioassay; Plasma; Serum; (Murine)

Introduction

Tumor necrosis factor (TNF) has both benefi-
cial and adverse effects on the animal host (Beut-
ler et al., 1986). It is the mediator of the toxic
effects of endotoxin (Hesse et al., 1988). An in-
crease in circulating TNF is generally considered
to be deleterious (Waage et al., 1987). Circulating
TNF has been detected in some nonbacterial dis-
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ease states (Kern et al., 1989), but not in others
(Moldawer et al., 1987).

Current methods to assay for TNF in body
fluids or culture supernatants depend on immuno-
logic and biologic endpoints (Meager et al., 1989).
The presence of serum in culture medium may
interfere with the sensitivity of bioassays (Kramer
et al.,, 1986). This does not reconcile the inherent
variability present among individual serum or
plasma samples to be tested. The manner in which
a blood sample is handled greatly alters the levels
of detectable TNF; thus, endotoxin-contaminated
tubes cause rapid increases in TNF released from
blood monocytes (Leroux-Roels et al., 1988).

Our research is focussed on the effects of im-
munomodulators administered following exposure
to radiation in murine models. The results of our
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initial TNF assays using EDTA plasma were dif-
ficult to interpret because we noted the almost
total lysis of the indicator cells at the lowest
dilution and the apparent absence of a dilution-re-
sponse relationship. When serum ivom parallel
sets of mice were studied, this phenomenon did
not occur. The experiments described here were
performed to determine whether anticoagulants
affect the detection of recombinant human TNF
(thTNF) added to plasmas. We also exar.ined
heat treatment of serum and plasma samples to
determine whether TNF detection could be en-
hanced. We found that detection of TNF is opti-
mal from mouse serum that is heat treated prior to
assay.

Materials and methods

JAX : B6D2F1 female mice, 12-15 weeks of age
(20-25 g) were quarantined on arrival and screened
for evidence of disease before being released for
experimental use. They were maintained in an
AAALAC-accredited facility in plastic Micro-Iso-
lator cages (Lab Products, Maywood, NJ) contain-
ing autoclaved hardwood chip contact bedding.
Mice were provided commercial rodent chow and
acidified tap water (pH 2.5 with concentrated
HCl) ad libitum. Animal holding rooms were
maintained at 21°C + 1°C with 50% + 10% rela-
tive humidity using at least ten air changes/h of
100% conditioned fresh air. The mice were on a 12
h light/dark full-spectrum lighting cycle with no
twilight. All research was conducted in accordance
with NIH and our Institutional Animal Care and
Use Committee guidelines for the care and use of
laboratory animals.

Mice were anesthetized by inhalation of
methoxyflurane immediately before 1 ml of blood
was obtained by cardiac puncture before being
killed by cervical dislocation. The serum or plasma
obtained from eight mice was pooled. Serum was
obtained after allowing blood to clot in sterile
microcentrifuge tubes for 1 h at ambient tempera-
ture before centrifugation at 4000 rpm for 4 min.
Pooled sera were spun again. Citrated plasma was
obtained by placing blood from individual mice
into a microfuge tube containing 10 pl of 32%
sodium citrate. EDTA plasma was obtained by

placing blood from individual mice into 2 ml
tubes (Starstedt, Princeton, NJ) containing 3 mg
EDTA. Heparinized plasma was obtained by de-
positing blood from individual animals into sterile
microfuge tubes containing 100 U preservative-free
heparin (Fisher Scientific, Pittsburgh, PA). All
plasmas were rocked on a blood mixer (Coulter,
Hialeah, FL) prior to centrifugation at 4000 rpm
for 4 min at 4°C. The plasma groups were pooled
and spun again to remove any debris and aliquoted
into sterile microfuge tubes.

The rhTNF-a produced in Escherichia coli was
purchased from Sigma Chemical Co., St. Louis,
MO, and has a biologic activity of 2.2 X 10° U /ug.
Dilutions of rhTNF were added to serum and
plasma aliquots to yield a final concentration of 1
pg/ml TNF. These spiked aliquots and untreated
control samples were stored at —20°C until as-
sayed. Some aliquots were heated to 56°C for 30
min immediately before assay.

TNF activity in serum or plasma was assayed
using a modification of the method of Hogan et
al. (1988). Briefly, 1.25 x 10* 1929 cells were de-
posited in each well of 96-well tissue culture plates
in plate medium (Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 250 U/ml penicil-
lin and 125 pg/ml streptomycin) and allowed to
grow overnight at 37°C in a humidified 5% CO,
incubator.

Samples for assay and the TNF standard were
diluted in separate 96-well plates in assay medium
(RPMI 1640 supplemented with 5% FBS, 2 mM
glutamine, 250 U /ml penicillin, 125 pg/ml strep-
tomycin, 30 mM Hepes, and 3 mg/ml sodium
bicarbonate). In some assays, an additional TNF
standard was prepared in homologous normal
mouse serum and heated to 56°C for 30 min
before further dilution in assay medium. Culture
medium was removed from the seeded plates, and
100 ul of diluted sample or standard was added.
Actinomycin D (Sigma Chemical Co., St. Louis,
MO) was diluted to 10 pg/ml in assay medium,
and 100 ul was added to the wells. Plates were
returned to the incubator for 18 h.

Culture medium was aspirated and wells were
washed once with 200 pl saline and aspirated
again. Cells were stained with 50 ul of 0.05%
crystal violet in 20% ethanol for 20 min; plates




were washed with cool tap water and allowed to
dry in air. Absorbances at 595 nm were recorded
using a Titertek spectrophotometer (Flow Labora-
tories, McLean, VA) after the addition of 50 ul
methanol / well. Absorbance readings for dilutions
of standard TNF were plotted to compare the
amount of cytolytic activity present in samples.
Student’s ¢ tests were performed to determine
levels of significance.

TNF-dependent cytolytic activity in spiked
samples was confirmed by neutralization of this
activity by using a modification of the TNF assay
described earlier (Meager et al., 1989). Briefly, 50
pl of dilutions of the rhTNF standard were mixed
with 50 ul of dilutions of polyclonal rabbit-anti-
mouse TNF antibody (Genzyme, Boston, MA) in
microtiter wells and incubated for 2 h at 37°C.
100 ul of actinomycin-D treated L929 cells were
then added (2 X 10*/well) and incubated for an
additional 18 h before staining with crystal violet
as previously described.

Results

The detection of TNF in plasma and serum
samples varied according to the method of collec-
tion. The results of a typical experiment using
spiked serum and plasma samples are presented in
Fig. 14. In unheated samples to which TNF had
been added, only serum showed a consistent dilu-
tional effect for the entire series tested. The ab-
sorbances of spiked serum were similar to the
standard curve, while there was greater variability
among the spiked plasma samples.

EDTA plasma samples consistently produced
extensive lysis in dilutions at or below 1/10 in
both spiked and unspiked samples. This non-
specific lysis was removed by dialysis against
Hanks’ balanced salt solution containing Mg?*
and Ca?* (data not shown). Citrated plasma con-
sistently clotted in the assay at dilutions at or
below 1/25. The absorbances from wells contain-
ing clots ranged from that of the control (no lysis)
to those of a normal standard TNF curve.
Heparinized plasma responded similarly to serum,
but was more variable at the higher TNF con-
centrations; at lower concentrations the ab-
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Fig. 1. Absorbances of serum or plasma pools spiked with 1
ug/ml of rhTNF. Five-fold dilutions of mouse serum
(0------ 0), EDTA plasma (Q------ 0), citrated plasma
(©0:----¢) and heparinized plasma (a------ A) were com-
pared to a thTNF standard curve (® @®). Curves repre-
sent means of absorbances + standard error. A: Spikes serum
and plasmas tested for cytolytic activity. B: Absorbances fol-
lowing heat treatment of serum and plasma samples. The
standard TNF contains approximately 2.2 biological activity
U/ng.

sorbances were similar to those of the standard
curve.

Heat treatment of spiked samples resulted in
improved TNF detection (Fig. 1B). This treat-
ment eliminated the problem of clotting found
with citrated plasma, although the lytic activity
detected in the assay was still above that of the
standard curve. Heat treatment of spiked EDTA
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Fig. 2. Absorbances of thTNF in L929 bioassay with (W) or

without (@) the addition of rabbit antibody against mouse

TNF. Curves are mean + standard error. All values except the
highest tested were significant at P < 0.0Z.
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Fig. 3. Absorbances of rhTNF diluted in medium (®) or

normal mouse serum (W) heated to 56°C for 30 min before

bioassay. Curves are mean+ standard error. There were no
significant differences between values ( P > 0.05).

plasma did not alter the almost total lysis of 1929
cells. Both serum and heparinized plasma that
were heat treated before assay demonstrated excel-
lent detection of spiked TNF.

The lytic activity in our assay was neutralized
by antibody against TNF (Fig. 2). The anti-mouse
TNF was able to neutralize thTNF in all but the
highest concentration of thTNF tested. The anti-
mouse TNF antibody was used in these experi-
ments so that our results could be attributable to
TNF alone. In addition, we plan to test this anti-
mouse TNF antibody in future in vivo experi-
ments.

We also examined whether normal mouse serum
might nonspecifically bind spiked TNF. Normal
homologous mouse serum heated to 56°C for 30
min before assay was used as the diluent for the
first well of a five-fold dilution sequence. Fig. 3
shows that the activity of TNF diluted in pure
mouse serum was indistinguishable from the activ-
ity of TNF diluted in medium alone, and that
heating did not compromise TNF quantitation.

Discussion

We have demonstrated that reagents used in
the processing of blood affect the subsequent bio-
assay for TNF. EDTA plasma was found to be
unsuitable for use in a TNF bioassay because of
nonspecific lysis of indicator cells. This effect
could not be reversed by heat treatment of sam-
ples prior to assay. The effects of dilution on
EDTA plasma were found to be inconsistent and,
therefore, unsuitable for calculating TNF activity.

Citrated plasma clotted in our assay at the
lower dilutions, but after heat treatment, cell lysis
was found to be more than what was anticipated
from the standard curve, and was attributed to a
nonspecific mechanism. Citrated plasma, there-
fore, is not recommended if TNF activity is to be
quantitated in a sample.

Heparinized plasma was found to be more sui-
table for TNF quantitation. Heat treatment of
heparinized plasma was shown to optimize the
detection of TNF from intentionally spiked sam-
ples. However, it has been reported that many
commercial blood collection tubes are con-
taminated with endotoxin and that this can result
in TNF release by cells within a blood sample
destined for TNF quantitation (Leroux-Roels et
al., 1988). In addition, many commercially availa-
ble heparin preparations contain preservatives that
interfere with any bioassay.

TNF was demonstrated from spiked serum
samples in a quantitative manner that was con-
sistent within a dilution series. Heat treatment of
serum samples resulted in absorbances that were
slightly, but insignificantly, lower than those of
the unheated serum samples. The detection of
TNF that was intentionally added to mouse serum
was unaffected by heat treatment, and this simple
step has been incorporated as routine in our
laboratory. It has been reported (Ruff et al., 1981)
that TNF from rabbit and mouse are stable at
56°C. Others have adopted heat treatment in their
TNF assays (Kawasaki et al., 1989; Van de Wiel
et al,, 1989), but have not presented quantitative
evidence as shown here.

We, therefore, recommend that circulating TNF
should be quantitated from serum collected in
sterile pyrogen-free tubes, and heated to 56°C for
30 min prior to assay. In addition, a standard
curve prepared in normal homologous serum
should be heated and assayed in parallel to assure
that nonspecific factors are not present because
they could affect the quantitation of TNF in test
samples.
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ment of Topoisomerase 1-Mediated Unwinding of Supercoiled
DNA by the Radioprotector WR-33278. Radiat. Res. 124, 107~
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The radioprotector WR-33278, the disulfide of WR-1065 (V-
(2-mercaptoethyl)-1.3-diaminopropane). is shown to stimulate
eukaryotic topoisomerase I unwinding of negatively supercoiled
DNA. This observation suggests the possibility that some pro-
tection may be conferred to DNA either by a decrease in its
supercoiled state or by altering directly other enzymatic pro-
cesses. This is the first report of a radioprotective compound
stimulating an enzyme involved in DNA structure and syn-
thesis.

INTRODUCTION

Cellular DNA is one of the critical targets for ionizing
radiation. To mitigate the effects of ionizing radiation, the
U.S. Army Medical Research and Development Command
has synthesized several radioprotective drugs, primarily
aminothiol compounds. Many mechanisms responsible for
their radioprotective action have been proposed, including
radical scavenging (/), hydrogen atom donation to DNA
carbon center radicals (2), enhancement of DNA repair
processes (3), and reduction in the target volume. All of
these processes require that the radioprotector or its metabo-
lite be located within molecular distances, less than 50A,
from DNA.

Recent expenmental studies of the radioprotector WR-
1065 (N-(2-mercaptoethyl)-1,3-diaminopropane), the de-
phosphorylated product of WR-2721 (S-2-(3-aminopro-
pylamino)ethylphosphorothioic acid). have shown that it
binds with DNA at physiological pH (4. 5). However, the
rapid rate of WR-1065 autooxidation (6) and its strong de-

' Present address: USAF School of Aerospace Medicine, Radiation
Sciences Division, Brooks Air Force Base. San Antonio, TX 78235-5301.

2 Permanent address: United States Air Force Academy, Colorado
Springs. CO 80841 .

107

pendence on trace metal ions strongly suggest that locally
the DNA neighborhood contains not only the chemical
WR-1065, but also its symmetric disulfide, WR-33278.
Prutz (7) has recently shown that disulfide radicals. which
WR-33278 can form, may be the active form of sulfhydryl
radioprotectors. For these reasons we restricted our studies
to WR-33278. Furthermore, Holwitt and co-workers (un-
published) have shown that the binding of WR-33278 to
calfthymus DNA is cooperative and dependent on salt con-
centration. WR-33278 binds to DNA with an association
constant similar to that reported for WR-1065 (4). We ex-
pect that the experimental resuits for WR-1065 will be simi-
lar. The study was conducted to determine whether WR-
33278 alters eukaryotic topoisomerase | unwinding of su-
percoiled DNA. WR-33278 was chosen because of the
chemical similarity of the polyamine spermidine and WR-
33278, the observation that both bind to DNA backbone
primarily through electrostatic interactions, and the re-
cently reported observation by Srivenugopal and Morns
that calf thymus topoisomerase 1 unwinding of supercoiled
DNA was stimulated by spermidine (8).

We first present the experimental protocol, followed by
the main experimental results (reported in Figs. 1 and 2).
Our results indicate that WR-33278 enhances topoisomer-
ase | unwinding of supercoiled DNA. To our knowledge.
this constitutes the first observation of an enzyme process
enhanced by a radioprotective agent. The paper concludes
with a discussion of the superhelical state of prokaryotic
and eukaryotic DNA and possible implications for radio-
protector-enzyme interaction.

METHODS

Plasmid pIBI30 was isolated by the alkaline lysis method from Esche-
richia coli (9). Calf thymus Type 1 DNA topoisomerase was purchased
from Bethesda Research Laboratory and was used as received. One unit of
activity was defined as the amount of enzyme needed to relax | ug of
supercoiled DNA in | h. The radioprotector WR-33278 was obtained from
Walter Reed Medical Research Institute and was used as received. Topo-
isomerase reactions were performed as described by Srivenugopal ¢t af
(10). Stock solutions were as follows: 5x KCl1 (100 mAf): spermidine (16.5
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FIG. 1. Photograph of agarose gel illustrating the stimuiation of topo-
isomerase | unwinding of supercoiled DNA by spermidine and WR-
33278. S denotes supercoiled state: NC denotes the nicked circular form
and/or the completely relaxed form of DNA. Numbers in parentheses are
final concentrations for each gel lane. Controls: Lane |. pIBI30 DNA alone
(33.3 ug/mi). Lane 2. pIBI30 DNA (33.3 ug/ml) and topoisomerase (13.3
units/ml): Lane 3. DNA. topoisomerase. and spermidine (1.65 mA{f):
Lanes 4 to 8. DNA, topoisomerase. and varying concentrations of WR-
33278 (50. 100, 200. 500. and 1000 uM. respectively).

mAf). whose pH adjusted to 7.5 with the basic form of Tns: and WR-
33278. which required no pH adjustment. pIiBI30 DNA (125 ug/ml) and
topoisomerase (0.0667 umts/ul) were prepared in reaction buffer: 20 mAf
Tris(pH 7.5). 0.5 mAM DTT. and 6 glycerol. Topoisomerase was assayed
by incubating | ug (0.101 m.\f in bases) of ptasmid DNA with 0.4 units of
enzyme in 20 m.\f of KCl. This salt concentration is below the optimum
salt concentration of approximately 180 mAf KCl needed for maximum
topoisomerase activity (//. /2). It was chosen to enhance the demonstra-
tion of any stimulatory effect by polvamines and WR-33278 ot topoisom-
erase | activity. Total sample volume for each tube was 30 ul. Reactions
were carried out at 37°C and terminated after 3 h by addition of a Sarko-
syl/EDTA mixture to a final concentration of | and 20 m M. respectively.
Conversion of supercoiled DNA to relaxed forms of DNA was determined
by gel electrophoresis (1.3 agarose). DNA was subjected to electrophore-
sisat 60 V in Tris acetate EDTA buffer untit the tracking dye (bromphenol
blue) was approximately | cm from the leading edge: this usually took 3 h.
Gels were stained with ethidium bromide.

RESULTS

Figure 1 is a photograph of representative DNA topo-
isomerase | assay on agarose gel. The relaxed or open circle
form of the plasmid is at the top of the gel, and the super-
coiled form is at the bottom. When topoisomerase | relaxes
DNA. the lower band’s density decreases. Lane | is pIBI30
alone and shows where the relaxed and supercoiled forms of
the plasmid run under our electrophoresis conditions.
Under the assay conditions employed (20 mM KC), topo-
isomerase | has low activity. and lane 2 of Fig. | demon-
strates this lack of supercoil unwinding by the enzyme dur-
ing the time allowed for the enzyme assay. Lane 3 of Fig. |
shows clearly the stimulation of calf thymus type | topo-
isomerase by spermidine as previously reported by Srivenu-
gopal and Morris (8) for native ColE1 DNA. It can be seen
in Lanes 4-6 in Fig. | that WR-33278 also stimulates the
topoisomerase | unwinding of supercoiled DNA and pro-
duces a ladder of isomers similar to that produced in the
presence of spermidine. Also evident from these lanes is

SHORT COMMUNICATION

that an increase in the concentration of WR-33278 in-
creases the amount of stimulation. A similar result was ob-
served for spermidine-enhanced stimulation of topoisom-
erase [ (8). Lanes 7 and 8 in Fig. 1 show a pattern similar to
Lane 1. For these lanes the molar ratios of WR-33278 to
DNA bases was above 2:1. and we have demonstrated using
spectrophotometry that for these ratios, DNA precipitates;
hence the lack of a ladder as shown in Lanes 3 through 6.
The DNA appears on the gel because it is resolubilized by
the detergent added to stop the reaction. The data in Fig. 2
demonstrate that neither spermidine (Lane 3) nor WR-
33278 (Lanes 6-8) in the absence of topoisomerase I re-
laxes DNA.

DISCUSSION

The superhelical state of intracellular DNA is an impor-
tant structural determinant of the function of DNA in cells
(13-15). Superhelicity of DNA is controlled by a class of
enzymes called topoisomerases, which are ubiquitous both
in prokaryotic and in eukaryotic cells. These enzymes alter
the topological conformation of DNA by nicking and re-
sealing the DNA sugar-phosphate backbone. Those that
change the DNA linking number by unity are called type |
enzymes: type Il enzymes change the link number by two.
Type | enzymes act by producing transient single-strand
breaks in DNA. whereas type Il topoisomerases introduce
transient double-stranded breaks (16-18).

Our experimental observation of the stimulation of calf
thymus topoisomerase I action by WR-33278 is similar to

FIG. 2. Photograph of agarose gel demonstrating lack of supercoil
unwinding in absence of topoisomerase 1. S denotes supercoiled state: NC
denotes the nicked circular form and/or the completely relaxed form of
DNA. Numbers in parentheses are final concentrations for each gel lane.
Lanes | and 2. same as in Fig. 1: Lane 3. DNA (33.3 ug/ml) and spermi-
dine (1.65 m.Af). Lanes 4 and 5. DNA and topoisomerase (13.33 umts/ml)
with 1.65 and 2.75 m.M spermidine. Lanes 6 to 8. DNA and WR-33278
(50. 100. and 200 x M. respectively).
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the enhanced relaxation of supercoils by spermidine re-
ported by Srivenugopal and Morris (8). This is a reasonable
result in view of the similarity in their structure since WR-
33278 may loosely be considered a polyamine containing a
disulide bond. In addition we note that both WR-33278
and spermidine (/9. 20) bind externally to DNA through
electrostatic interactions with the charged phosphate oxy-
gen anions (2/). Because supercoiled domains exist in both
prokarvotic and eukarvotic cells. our observation suggests
that radioprotectants may confer some protection to the
genome by decreasing the supercoiling of DNA. The de-
crease in superhelicity could produce a decrease in the ini-
tial damage incurred and/or change the functional proper-
ties of DNA. If the first process is operative. then the critical
DNA damage sites or "“hot spots™ would correspond to
those DNA regions where the superhelicity is large. The
second mechanism suggests possible changes in metabolic
processes. a virtually unexplored field. although WR-1065
has been reported to enhance DNA repair (22, 23).

The molecular mechanism responsible for the stimula-
tion of eukarvotic tvpe 1 topoisomerase by WR-33278 is
unclear. Both compounds bind to DNA but whether a tran-
sient tertiary complex is formed is not known and has not
been investigated. The binding of WR-33278. even at a
DNA site remote from the topoisomerase site of action.
may provide a mechanism for stimulation of topoisomer-
ase | action by conferring enhanced stabilization to the
DNA backbone. These possibilities are currently under
study. Neveriheless. the observation that WR-33278 stimu-
lates topoisomerase 1 unwinding of the supercoiled state
suggests new mechanisms by which radioprotective chemi-
cals induce protection against 10onizing radiation.
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Development and testing of a new alpha radiac
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A new, state-of-the-art alpha radiac has been developed to monitor for alpha contamination in both laboratory and field
operations. The detector is a 7.6 cm (3 inch) diameter circular diffused-junction semiconductor with an active detection area of 42.6
cm?. Its surface is coated with aluminum and a thin layer of epoxy to provide light shielding and protection against abrasion during
decontamination. The modular design of the detector-preamplifier, the probe processor unit and the detector interface unit allows for
ease in replacement. The electronic components are contained in the probe housing so that only the processed, digitized detector
signal is sent to a separate, detached display device. An external computer and IEEE connector are used to set the detector threshold
levels and operational parameters, e.g. various calibration factors. Additional enhancements include shock hardening of the detector
assembly, shielding from electromagnetic interference, and a removable decontamination shield. Testing and evaluation of prototype
units were performed at several military and civilian laboratories to determine the detector’s limitations and abilities to monitor alpha
radiation, and to determine its capabilities under various operational conditions. These tests indicate that the radiac meets or exceeds
the requirements.

1. Introduction voltages and minimal electronic circuitry. Current man-
ufacturing techniques permit the production of large-
surface-area silicon wafers that can be several centime-
ters across.

Throughout the development phase and initial test-

ing of prototype units, input was solicited from repre-

The U.S. military services require portable detection
equipment to monitor for alpha contamination in
maintenance areas and in field operations that involve
the cleanup of Pu-contaminated or nuclear-accident
sites. Of specific concern is the ability to survey for the
unrestricted release of property and equipment within
established or proposed guidelines [1-3]. Currently
available radiacs, which use ZnS scintillators with pho-
tomultiplier tubes, have several performance limitations

Table 1 .
Comparison of ZnS/PM tube and solid-state detector perfor-
mance factors

that are summarized in table 1. In addition, the units ZnS/ Pma‘)“be Silicon wafer
lack reliable accuracy when used for surveying, even in detector detector
the hands of routine users [4]. Sensitivity (2) < 40% ~94%
A development and procurement program was ini- Shock /drop resistance  Limited Good. with
tiated to obtain a new radiac that would overcome the . hardened housing
Ruggedness Poor to fair, Good, with

operational shortcomings of the current devices and
meet the new requirements for the unrestricted release
of property. The new device would have to (1) measure

Mylar window

easily damaged:

hardened coating
to resist surface

s light leakage abrasion; maintain
alpha contamination down to a level of 200 dprp/ 100 damaging light tightness
cm?, (2) be human-factor engineered, (3) be easily de- PM tube
contaminated. and (4) be able to detect a 200 dpm point Power-supply
source with 63% confidence at a distance of 0.5 cm requirements >1000 V 24V
while scanning at 10 cm/s. Warm-up time ~ 15 min None

The decision to use a solid-state detector system was Time needed
for calibration hours <05h

based on several factors. Solid-state silicon diode detec-
tors have been used for many years in health physics
applications. They are shock-resistant, and require low

» Based on present ZnS/PM tube technology used by the
military services (AN /PDR-56)

0168-9002/90,/803.50 © 1990 - Elsevier Science Publishers B.V. (North-Holland)
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sentatives of the military services to ensure that the
final product met their requirements. In addition, a
complete battery of tests evaluated the radiac’s radia-
tion detection capabilities, and survivability in harsh
environments and rough handling.

2. Detector, electronics and enhanced signal develop-
ment

The detector used in the new radiac is a 46 cm (3
inch) diameter. 0.508 mm (0.02 in.) thick *p-type”
double-diffused-junction silicon wafer diode. Tests show
that the detector efficiency is 94.1% for a 2m point
source. The detection surface is coated with a 2500 A
(0.25 pm) thick layer of epoxy that is spun onto the
surface. and an aluminum coating that is also 2500 A
(0.25 pm) thick. This coating causes a decrease of
approximately 400 keV in alpha-particle energy. The
detector itself is attached to a shock-absorbing foam
backing using a fiber glass/epoxy matrix. and is
mounted in a Kovar/Ni ring to provide uniform ther-
mal expansion.

The detector is connected to a low-noise 1 GHz
gain-bandwidth amplifier circuit that forms a singular
detector subassembly (DET). The DET is connected
directly to the detector interface unit (DIU) and probe
processor unmit (PPU) by a detachable connector. This
arrangement allows for easy disassembly of the unit and
replacement of component parts within 15 min.

A preamplifier circuit in the DET consisting of a
wide-band field-effect transformer (FET) that converts
detector charge pulses into voltage pulses. The voltage
pulses are shaped by four wide-band operational
amplifiers with a nominal time constant of 1.25 us. The
preamplifier also incorporates a test-pulse circuit that
routes pulses generated by the microprocessor in the
PPU through the system to provide for internal self-test-
ing. A Delrin ring placed between the DET and
DIU /PPU assemblies holds the shock ring in place and
separates the subassembilies.

The DIU provides voltages to the DET and PPU
with three voltage converter systems which allows the
external battery voltage to vary without effecting the
probe performance. In addition, a dual discriminator in
the DIU compares the incoming analog signals from the
DET. with two threshold levels provided by the micro-
processor in the PPU. The output pulses are stretched
into logic level signals that are counted by the micro-
processor.

The PPU uses an 80CS1FA-based signal microcon-
troller to monitor the response of the DET and com-
municate with external devices through a modified serial
bus. The microcontroller contains 8 kbytes of electn-
cally erasable read-only memory (EEPROM). 256 kbytes
of random-access memory (RAM). pulse-width mod-

ulating analog-to-digital converters. and the 8-bit micro-
processor. The EEPROM is used to store calibration
factors and threshold discrimination levels. No poten-
tiometers are used in the probe which prevents varia-
tions of performance over time due to changes in
potentiometer values. The microcontroller generates
digital signals that are sent to the external meter. The
total power consumption of the probe electronics is
approximately 183 mW.

The detector and electronic system are designed to
provide the following features to a newly designed.
stand-alone display unit:

(1) three sampling modes (peak. average. scalar).

(2) dual, vanable discrimination thresholds:

(3) selectable sampling times;

(4) multiple tone outputs for headphones:
(a) clicks proportional to the counting events:;
(b) 1 kHz tone for threshold alarm;

(5) selectable alarm thresholds for each sampling
mode;

{6) selectable time interval for back-light illumination;

(7) programmable conversion factor (counts to disin-
tegration);

(8) battery life indicator.

Removahle Dsplav
tshde on off)

Attachment

!

h12cm

0t
016 cm——tp '

o 11 33

Fig. 1. Alpha radiac with removable stand-alone display unit.
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(9) dual operational modes (use with or without re-
movable decontamination shield);
(10) removable external power pack for low-tempera-
ture display operations to —40°C.
In addition, the probe has a twist-on swipe tray for
use in the scalar mode for survey operations.

3. Detector housing

The electronic subassemblies are located inside an
aluminum housing with an attached handle as shown in
fig. 1. The entire radiac weighs approximately 0.9 kg (2
Ib). The aluminum handle is designed so that the center
of gravity is positioned over the center of the radiac,
and can hold two “D” cell batteries that support oper-
ations with the stand-alone display unit.

The housing is constructed as a Faraday cage to
protect the electronics from electromagnetic inter-
ference (EMI). The sensitive preamplifier is further en-
closed in another aluminum housing to isolate it from
both external EMI and internally generated noise from
the DIU and PPU. In addition, a silicon seal between
the DET Kevar ring and the housing reduces the unit’s
susceptibility to moisture.

Covering the silicon detector is a 8.4 cm diameter
disposable decontamination shield. The shield is an
aluminized Mylar film attached to a honeycomb-pat-
terned aluminum screen that covers only 7.4% of the
Mylar film.

SCALER LLD
PEAK  ULD ﬁ MARM

AVG DSOF F

QC,DQ

On/Off Menu Select

"ll"l WA T\
ll

In Menu Mode.
Parameter Modified
tn Run Mode
1) Alarm Acknowledgement
2) Back Light On
3) Reset Peak or Scalar
Function

Fig. 2. Stand-alone display unit and function buttons,

Table 2
Stand-alone operational classes

Class 1: functions for field use

- Turn headphone audio on and off

- Adjust headphone volume

— Select either average of peak detection sampling

Class 2: Class 1 functions plus:

- Select display units (CPM, CPS, DPM, DPS)

- Operate the probe with or without decontamination shield
- Use scalar functions

Class 3: Class 2 functions plus:

— Adjust dual discrimination levels

4. Stand-alone display unit

The alpha radiac is designed to operate with either a
multifunction radiac power/readout box, or the newly
designed, detachable stand-alone display unit shown in
fig. 2. This unit supports the functions listed in table 2.
When the stand-alone display unit is used, two “D”
batteries located in the radiac’s handle supply power for
both the radiac detector and display. The same cable
used to connect the detector unit to the multifunction
radiac power/readout box or calibrating computer is
used with the stand-alone, back-lighted display unit.
This stand-alone display unit can be programmed into
one of three classes of operations listed in table 2. This
permits the radiac to be used by personnel of differing
qualifications and duties.

Table 3

Operational tests and results

Humidity 95% at 22.3°C ford4 h
Operating temperature range  —40° to +50°C

—-65° to +71°C
+23° to +50°C in 5 min
+23° to ~10°Cin 5 min
795-525 mm Hg
(operational after exposure
to 14.6 mmHg)
Waterproof /splash proof passed
Mechanical vibration sinusoidal 5-500 Hz
10—33 Hz at 2G
acceleration
11-2000 Hz randomly
18 ms shocks
at 50G acceleration
1 m to hardwood
floor /concrete

Storage temperature range
Thermal shock

Pressure /altitude operation

Mechanical shock
Drop limits

EMI tests
Electric-field susceptibility: 14 kHz to 10 GHz
Magpnetic-field susceptibility: 30 Hz to 50 kHz
Broadband EM emissions:  0.01 MHz to 1 GHz
Nartowband EM emissions:  0.0i MHz to 10 GHz
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Table 4
Radianon response capabilities

4 mm increments

< 10% variation
Response time 15s
Interfering radiation gamma-ray, beta, neutron
recorded response within
1 standard deviation

Detector surface uniformity

Resolution 300 keV FWHM
Count-rate reduction

with decontamination shield 25% (point source)
Counting accuracy:

point source within 10%

for sources > 460 dpm
9.1% for 4800 dpm
~ 63% confidence

of detecting

200 dpm point

source at 10 cm/s

large-area source
Scanning rate

S. Testing and evaluation

To ensure that the final product met the require-
ments of the users, testing of prototype alpha radiacs
was performed at several military facilities and con-
tracted civilian laboratories using both standard mili-
tary test for equipment reliability and tests for evaluat-
ing radiation detection devices [5,6]. Tables 3 and 4
provide a listing of the tests and ranges of measure-
ments performed [7]'.

6. Conclusion

The development of new radiation detection devices
required (1) a review of current technologies, and (2) a

cooperative effort between the developer and user. In
developing a new alpha radiac for the U.S. military,
user-demanded requirements allowed for the incorpora-
tion of many features that enhanced the original design.
This approach led to the design of a radiac that meets
the needs of a diverse number of operators with differ-
ent requirements.
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KANDASAMY, S. B., HOWERTON, T. C., AND HUNT, W. A.
Reductions in Calcium Uptake Induced in Rat Brain Synapto-
somes by lonizing Radiation. Radiat. Res. 125, 158-162 (1991).

Gamma irradiation (**Co) reduced KCl-stimulated voltage-
dependent **Ca?* uptake in whole-brain, cortical, and striatal
synaptosomes. The time course (3. 10, 30, and 60 s) of calcium
uptake by irradiated (3 Gy) and nonirradiated synaptosomes, as
well as the effect of KCl (15-65 mAM ), was measured in whole-
brain synaptosomes. The fastest and highest rate of depolariza-
tion-dependent calcium uptake occurred at 3 s with 65 mM KCL.
Irradiation reduced calcium uptake at all incubation times and
KC! concentrations. Bay K 8644 enhancement of KCl-stimu-
lated calcium influx was also reduced by radiation exposure.
Nimodipine binding to dihydropyridine (DHP) L-type calcium
channel receptors was not altered following radiation exposure.
These results demonstrate an inhibitory effect of ionizing radia-
tion on the voltage-sensitive calcium channels in rat brain syn-
aptosomes that are not mediated by DHP receptors. « 199

Academic Press, Inc.

INTRODUCTION

Although the central nervous system (CNS) is generally
considered to be relatively resistant to the direct effects of
ionizing radiation. exposure to ionizing radiation can have
a complex effect on the CNS that is dependent on the dose
and time elapsed after radiation exposure (/-6). The bio-
chemical basis for radiation-induced behavioral/physiologi-
cal changes mediated by the CNS is unknown.

Calcium plays several important roles in vanous electro-
physiological and neurochemical processes, and it is gener-
ally accepted that extracellular calcium influx can be regu-
lated by calcium channel agonists (i.e.. cardiostimulatory
drugs). or can be blocked by calcium channel antagonists
(7). These antagonists are structurally heterogenous and in-
clude verapamil, diltiazem, D-600, and the dihydropyri-
dine (DHP} ~ompounds, such as nimodipine and nifedi-
pine (8). These drugs exhibit a common locus of action on
voltage-sensitive calcium channels (VSCC) (9. 10). Several
types of VSCC have been identified, of which L, N,and T
are most important. The DHP antagonists mentioned
above are specific for the L-type VSCC, which is character-
ized by large conductances of long duration (7).

0033-7587/91 $3.00
Copynght ¢ 1991 by Academic Press. Inc.
All nghts of reproduction m any form resened.

Calcium channel binding sites for DHP compounds have
been located in the brain and heart using nimodipine and
nifedipine (/ /-13). Nimodipine binding provides a molecu-
lar probe by which the kinetics of calcium receptors may be
evaluated (/2). A slight structural modification of DHP cal-
cium antagonists yields Bay K 8644 [methyl-1,4-dihydro-
2,6-dimethyl-3-nitro-4-2(trifluoromethylphenyl) pyridine-
5-carboxylate], which confers agonist activity for calcium
influx in the brain (/3-18) and smooth and cardiac muscle
(19. 20). Interestingly. a direct effect of Bay K 8644 on
synaptosomal calcium entry in rat brain has not been ob-
served (2/-23).

The present experiments indicate a reduction in calcium
uptake after irradiation in whole-brain, cortical, and stnatal
synaptosomes. This study charactenzes the effect of ioniz-
ing radiation on voltage-dependent calcium influx by mea-
suring KCl-stimulated **Ca®* uptake into rat whole-brain,
cortical, and striatal synaptosomes. Additionally, calcium
channel receptor binding studies were done to determine
whether the reductions were due to any alterations in DHP
L-type receptors.

MATERIALS AND METHODS

Materials. Bay K 8644 and nimodipine were gifts from Miles Labora-
tories. Inc. (West Haven, CT) and were dissolved in dimethylsulfoxide
{DMSO). Due to the light sensitivity of these compounds. all expenments
were done using foil-wrapped test tubes. CaCl, and [*H]nimodipine were
purchased from New England Nuclear (DuPont, Boston. MA). and all
other chemicals and reagents used were of the highest analytical grade and
were obtained from Sigma (St. Louis, MO).

Experimental amimals.  Male Sprague-Dawley rats weighing 200-300 g
(Charles River Breeding Laboratonces. Kingston. NY) were quarantined
on armival and screened for evidence of disease by representative serology
and histopathology sampling before being released from quarantine. The
rats were housed individually in polycarbonate Micro Isolator cages (Lab
Products. Maywood. NJ) on autoclaved hardwuod contact bedding (Beta
Chip Northeastern Products Corp. Warrenburg. NY) and provided with
commerical rodent chow and acidified water (pH = 2.5) ad libitum. Ani-
mal holding rooms were kept at 21 + 1°C with 50 + 10% relative humidity
on a 12-h light:dark cycle with no twilight.

Tissue preparation and calciumt uprake.  Animals were killed by decapi-
tation. and the brain was removed from the skull and placed on ice. Whole
brain. cortex. and striatum were dissected using the method of Glowinski
and Iversen (24). and the synaptosomal pellet (P2) from these regions was,
or pellets were, prepared by a modification of the method of Gray and
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Whittaker (25). The final pellet was resuspended in ice-cold incubation
medium containing 136 mA/ NaCl, 5 mA KCL 1.3 mAf MgCl, 0,12 mA/
CaCl,. 10 m.M glucose. and 20 mAf Tris base, with the pH adjusted to 7.65
with 1.0 M/ maleic acid to provide a concentration range of approximately
4-6 mg protein/m! and divided into two equal portions. One portion was
irradiated with ¥ photons while the other was used as a sham-irradiated
control.

Aliguots (480 ul) of the synaptosomal preparation were transterred into
test tubes and incubated for {4 min at 30°C ina Dubnoff metabolic shaker
in the presence or absence of various concentrations of Bay K 8644 as
detailed below. The Bay K 8643 or DMSO vehicle was added as a 20-ul
volume to make a final incubation volume of 300 ul. Following the incu-
bation period. SO0 ul of depolarizing or nondepolanzing solution contain-
ing ¥Ca®* (3 uCi) was added. The depolarizing solution was the same
composition as that of the incubation medium, except that a portion of the
NaCl was replaced by an osmoucally equivalent amount of KClto provide
finai KC1 concentrations of 15, 30, or 65 mM/. Calcium uptake was termi-
nated by addition of S m! of an ice-cold butter containing 3 mAf EGTA
(ethylene glycol bisg-aminoethyl ether) A, N-tetraacetic acid), 10 m.A glu-
cose. and 20 mA/ Tris base. with the pH adjusted to 7.65 with 1.0 M maleic
acid. Each sample was then immediately filtered under vacuum through a
presoaked Whatman GE/B filter. Excess and loosely bound #*Ca® was
eliminated with two S-ml washes of ice-cold incubation medium. The
filters were then placed in scintillation vials and radioactivity was deter-
mined by liguid scintillation spectrometry.

Net uptake of “*Ca’* into synaptosomes was calculated by subtracting
the uptake in the absence of depolarization (S mAf KCH trom the uptake in
the presence of depolarization (15, 30. or 65 mA/). This value will be
referred to as A (potassium-induced change) and represents net KCl-in-
duced calcium uptake (26, 27).

U HNNorodipine binding assavs. The binding assay was done based on
the methods reported by Skattebol and Triggle (28). Whole brain. cortex.
and striatum were obtained and isolated as described above and pooled
according to protein needs for significant binding determined in prelimi-
nary experiments (data not shown). The P2 pellet was prepared as de-
scribed above and resuspended in 50 mA/ Tris base buffer (pH 7.4) and
divided into two equal portions. one of which was irradiated with 4 pho-
tons. while the other was used as a sham-irradiated control. Synaptosomes
were irradiated to maintain procedural continuity with the calcium uptake
studies. Following irradiation, the synaptosomes were homogenized for a
second time (glass/glass) in 3 ml buffer to form membrane fragments.
which were aliguoted (200 gl: 100 gg/sample, striata: 400 pg/sample,
whole brain: 400 pg/sample. cortex) into black snap-cap polvpropylene
test tubes. Half of these tubes contained § w M/ unlabeled mimodipine (25
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FIG. 1. The time course of 65 m A/ KCl-stimulated calcium uptake in

nonirradiated (O) and irradiated (@) rat whole-brain synaptosomes. Points
and bars represent means + SEM values from three separate experiments,
cach using triphcate samples. A significant effect of onizing radiation is
indicated as follows: *F < (.05,
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FIG. 2. Effects of 15, 30, and 65 m M KCl-stimulated calcium uptake
in nonirradiated (O) and irradiated (@) rat whole-brain synaptosomes.
Points and bars represent means + SEM values trom three separate experni-
ments, cach using triplicate samples. A significant effect of ionizing radia-
tion 1s indicated as follows: *P < 0,05,

ul/sample) for determination of nonspecific binding. A prehminary dis-
placement experiment indicated that the apparent A, for this system was
approximately | nd/ (data not shown).

Based on preliminary experiments. maximal binding was obv'e (din 20
min (data not shown). [*H)Nimodipine (NEN. 123.3 Ci/mM. 25 ul/sam-
ple) was added to the aliquoted samples (in duplicate. final volume S65 ul)
over a coneentration range of S0 pAft0 0.8 n¥/ for 1 hat 4°C. The binding
cxperiment was then terminated using a 24-place Brandel Cell Harvester
(Gaithersburg. MD). and the membrane fragmenis were collected on
Whatman GFC filters. followed by 3 ~ 3-ml washes with S0 mAf Tnis base
buffer. The filters were then transferred to scintillation vials. After deter-
mining radioactivity by liquid scintillation spectrometry. the data were
converted to fmol and expressed as fmol/mg protein.

Irradiation procedures: 1thas been reported that no significant oxygen
uptake occurs in whole-brain homogenates in virro after irradiation, which
suggests that the brain synaptosomes will not consume enough oxygen to
affect the results' (29). To maintain the maximum viability of the synapto-
somes. they were placed in glass test tubes in a Plexiglas wce bath and were
exposed to radiation using a *°Co source at a dose rate of 1 Gy/min (for the
1-Gy dose only). 10 Gy/min (for the 3=, S-, and 10-Gy doses). or 20 Gy/
min (for the 30-Gy dose). Dosimetry was performed using a 0.05-cm?
tissuc-cquivalent ion chamber. The 10n chamber was placed in a glass test
tube inside the Plexiglas ice bath during dosimetry measurements.

Miscellaneous methods  Protemn content was determined by the
method of Lowry ¢f al (30). using bovine serum albumin as the standard.
Statistical analyvsis was performed using Student’s 7 test. Multiple compan-
sons with a control were done by analysis of variance (RS1: BBN Software
Products Corp.. Cambrnidge. MA) and DunnettUs test (3/7). Data were iden-
tified as significant if 7 < (L0OS,

"K. S. Kumar. Y. N. Vaishnav. A. M. Sancho. and J. ¥. Weiss, [ron-
catalyzed generation of pentane from irradiated erythrocvte membranes.
In Radiaticn: Research Sociery Abstracts, 33rd Annual Meeting, Los An-
geles. CA.p. 132, 1985, [Abstract JF-2)
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TABLE |
Effect of ¥ Radiation on 65 mM KCl-Stimulated **Ca®* Uptake by Rat Whole-Brain, Cortex, and Striatal Synaptosomes

Net uptake of *Ca** (nmol/mg protein)®

Dose of radiation Dose rate

(Gy) (Gy/min) Whole brain Corten Strnatum
Sham Sham 3.4 +0.05 3.3+ 005 3.5+0.10
| I 3.0+ 0.10* 33+ 00 3.3+0.10
3 10 2.7 +0.05* 30 +0.10 30+ 010"
5 10 24+0.100*% 28 +0.10* 2.8 +0.10*
10 10 20 +0.05* 2.5 +0.05* 2.5 £ 0,05*
30 20 1.7 + 0.05* 2.2 £ 0.05* 2.4+ 0.05*

2 Values are means = SEM of three separate experiments, each using triplicate samples.

* Significantly different from sham value: P < 0.05.

RESULTS

The time course (3, 10, 30, and 60 s) as well as the dose
effect of KC1(15-65 mA/f) (Figs. 1 and 2) of calcium uptake
was reduced following exposure of the whole brain to 3 Gy
of 4 photons. The fastest rate of depolarization-dependent
calcium uptake occurred at 3 s (Fig. 1). The KCl dose-re-
sponse curve (Fig. 2) showed that 65 mAf KCI stimulated
calcium uptake most. In the above two studies. irradiation
reduced calcium uptake at all incubation times and KCl
concentrations. Based on the above data, a ime pointof 3 s
and KCl dose of 65 mAf were selected for investigation of
the radiation dose-response curve (Table I).

Gamma irradiation (1-30 Gy) reduced 65 mA/ KCli-
stimulated calcium uptake after 3 s in whole-brain, cortical.
and striatal synaptosomes. A comparison between regions
showed a significant interaction term. Whole-brain synap-
tosomes were clearly more sensitive to irradiation than
those of the cortex or striatum.

Gamma irradiation (1-30 Gy) also reduced 15 mAf KCl-
stimulated calcium uptake in whole-brain. cortical, and
striatal synaptosomes after 3 s (Table II). The enhancement
of 15 mA/ KCl-stimulated calcium uptake by Bay K 8644

following v photon exposure was reduced by irradiation (3
Gy) (Fig. 3). Because the differences in uptake for the
whole-brain. cortical. and stnatal synaptosomes are very
similar, only the whole-brain results are shown in Fig. 3.
However, the same concentrations of Bay K 8644 did not
enhance 30 or 65 m.\/ KCl-stimulated calcium uptake
(data not shown).

The effects described above indicate that v irradiation
will reduce KCl-stimulated calcium uptake. Several hypoth-
eses can be advanced to explain these data. The initial hy-
pothesis we investigated concerned calcium channel recog-
nition receptor binding. The data showing that Bay K
8644-stimulated calcium uptake is reduced by v irradiation
justifies the selection of nimodipine, the antagonist for the
calcium L-channel. as the appropriate ligand with which to
perform binding studies.

Data obtained from whole-brain. cortical. and striatal
membranes demonstrate that the specific binding of [*H}-
nimodipine is unaffected by v irradiation at 10 Gy (data
not shown). These data indicate that the significance of the
reduction in KCl and/or Bay K §644-stimulated calcium
uptake is not due to alteration of the L-type calcium chan-
nel recognition receptor.

TABLE 1
Effect of v Radiation on 15 mAM KCI-Stimulated “°Ca** Uptake by Rat Whole-Brain, Cortex, and Striatal Synaptosomes

Net uptake of *Ca* (nmol/mg proteins)?

Dose of radiation Dose rate

(Gy) (Gy/min) Whole brain Cortea Stnatum

Sham Sham 264 008 27+ 010 27+ 0.0
| | 24+ 010 2.6 010 26+ 000
3 10 2.1+ 0.05* 2.2 4 0.05* 22+ 010"
10 0 1.3+ 000 1.5« 0.15* 1.5+ 0.15*
{1 20 1.3+ 0.15* 1.1+ 0.20% 1.1 2020

¢ Values are means + SEM of three separated experiments, each using triplicate samples.

* Significantly different from sham salue: £ - 0,05
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whole-brain synaptosomes. Points and bars represent means + SEM val-
ues from three separate expeniments. cach using triplicate samples. A signif-
want effect of wonizing radiation 1s indicated as follows: *F < 0.05,

DISCUSSION

This study indicates that ionizing radiation decreases
KCl-stimulated calcium uptake in the whole brain. cortex.
and striatum. These results support electrophysiological
studies suggesting reduced neuroexcitability after radiation
exposure (32 13) and contradict reports of radiation-in-
duced increases in excitability (34). To our knowledge. this
1s the first report indicating reduction in KCl-stimulated
calcium uptake following irradiation.

Bay K 8644 significantly increased the net voltage-de-
pendent entry of calcium stimulated by 15 mA KCl in rat
whole brain. cortex. and stnatum. Our findings are consis-
tent with previous reports about the potentiating action of
Bay K 8644 on synaptosomal calcium channel activity. or
KCl-stimulated norepinephrine. acetylcholine, and seroto-
nin release from rat brain shces (/4-18). The effectiveness
of Bay K 8644 only at submaximal KCl concentrations
agrees with the study by Woodward ¢ al. (35). These find-
ings are also consistent with reports suggesting that DHP
agonists do not potentiate calcium entry into brain synap-
tosomes at high levels of KCI depolarization? (35).

The negative data from [*H]nimodipine binding to whole
brain, cortex. and striatum indicate that radiation-induced

IMM. Murawsky and J B Suszhiw. Which tvpetst of Ca channels are
present in mammahan brain sy naptosomes”? So ihvr 13,103
(19R7).
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inhibition of Bay K 8644-enhanced KCl-stimulated or
KCl-stimulated calcium uptake is not a result of an altered
L-type calcium channel recognition receptor. Apparently.
radiation does not decrease calcium uptake by a DHP-sen-
sitive mechanism. Further work is in progress to determine
the role of N and T calcium channels in mediating radia-
tion-induced decreased calcium uptake.

In conclusion, the present data indicate that ionizing radi-
ation significantly reduces KCl-stimulated calcium uptake.

At the present time we have no data to explain the differ-
ences in sensitivity to irradiation of whole brain, cortex,
and stnatum. Additionally. it 1s not clear how ionizing radi-
ation causes this dose-dependent decrease in calcium up-
take. Preliminary experiments with inositol trisphosphate.’
prostaglandins (36). and phorbol esters (37) suggest an im-
pairment in protein kinase C activity that is linked to the
opening or closing of ion channels (38). Further work is in
progress to compare protein kinase C activity of irradiated
and nonirradiated synaptosomes, and we are studying G
protein receptor binding to determine whether radiation-
induced decreases in calcium uptake are due to impairment
of protein kinase C. or alterations in G protein receptors. or
both.
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MORPHINE INDUCES AN INTRACELLULAR ALKALINIZATION IN
BOVINE AORTIC ENDOTHELIAL CELLS (BAECs)

Juliann G. Kiang and M. Colden-Stanfield

Department of Physiology, Armed Forces
Radiobiology Research Institute, Bethesda
Maryland 20814-5145, U. S. A.

The resting mtracellular pH (pHi) of BAECs, by using BCECF
fluorescence, at 37 °C in Na' Hanks’ was 7. 2240.03. Cells which had
been acid- loaded recovered from the intracellular acidification in Na
Hanks’ in a [Na"] -dependent and amiloride-sensitive manner. Recovery
from acidification had an apparent Km for Na™ of 40 + 10 mM and Ki
for amiloride of 26+4 M. Morphine (50 I‘M 20 min, 37 C) increased
the pHi to 7.55 1 0.05. Naloxone (50 pM) given 5 min before morphine

(50 pM) blocked this effect, indicating that this was an opiate recgptor-
mediated phenomenon. To determine if morphine activated the Na /H
exchanger, pHi was monitored in Na' -free Hanks’, acidic Na' Hanks’ or
amiloride-containing Na' Hanks’. The alkalinization produced by
morphine was not observed under all these circumstances. These data
suggest morphine activates the Na' /H" exchanger via opiate receptors.

INTRODUCTION

A monolayer of vascular endothelial cells lines the inner surface of
the blood vessels and has broad metabolic functions. The intracellular pH
(pHi) must be maintained in a narrow range to provide an environment
for various intracellular reactions (Moolenaar, 1986). In many cell_f,_ le
homeostasis is maintained by 3 defined ion transporters: the /H
exchanger, Na+-dependent and Na+-mdependent o/ /HCO exchangers
(Grinstein et al., 1989). The presence of the Na™t /H exchanger has been
demonstrated in rat brain capillary endothelial cells in vivo and
nonadherent bovine aortic endothelial cells in vitro.

Previous studies showed that §-opiate agonists elicited a cytoplasmic
alkalinization in NG108-15 cells which was concentration-dependent and
reversed by naloxone (Isom et al., 1987). We report, herein, that
morphine can alkalinize adherent BAECs via activation of Na.+/H
exchanger.
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MATERIALS AND METHODS

BAECs were obtained from bovine aorta by digestion with 0.2%
collagenase (Eskin et al.,, 1978). The cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 2 mM glutamine, 4.5 g/l
glucose, 25 mM HEPES, 10% fetal bovine serum, penicillin (50 pg/ml) and
streptomycin (50 U/ml) (Gibco, Grand Island, NY). Typical cobblestone
morphology was observed and angiotensin converting enzyme activity was
measured. The cells at passage 6-10 were used for experiments. To
measure pHi, Confluent monola.yers_._of BAECs were incubated with 5 K“M
BCECF acetoxymethyl ester in Na' Hanks’ (in me 148 NaCl, 4.6 KCl,
1.2 MgClz, 1.6 CaCl,, 20 HEPES, pH=7.38) at 37 "C for 15 min. The
fluorescence signa? was measured at 37 °C on a SLM 8000C
spectrofluorometer as the ratio of emission at 529 + 4 nm for excitation
at 505 4+ 4 and 442 + 4 nm. The fluorescence signal was calibrated by
using nigericin (3 pM) and valinomycin (38 {;M) To determine the
recovery rate from acidification in acid-loaded cells, cells were incubated in
Hanks’ with 40 mM NH,Cl for 15 min. Then, cells were placed in Na™ -
free Hanks’ (N-methyl-d(+)glucamine substituted for Na+) for 2 min.
Recovery from acidification was measured when cells were placed in Hanks’
containing different concentrations of Na'. The initial rate of recovery
was determined.

RESULTS

The resting pHi in adherent BAEC at 37 °C in Nat Hanks’ Eﬁ
7.22 + 0.03 (n=32). Amiloride (100 gM), a blocker of Na' /H
exchanger, added to the cells did not change the resting pHi indicating the
Na"/H"™ exchanger was inactive in resting cells. Acid-loaded cells had a
pHi of 6.76 + 0.05 (n=22) in Na™-free (NMG) Hanks’ but recovered their
pHi to 7.2 within 2 min after being placed in Na~ Hanks’. Cells whic
had been a.cid-log_ded recovered from the intracellular acidification in Na
Hanks’ in a [Na"| -dependent manner (Fig. 1) and had an apparent Km
for Na¥ of 40 + 10 mM. Amiloride (1 mM) inhibited the initial rate of
recovery from acidification in Na' Hanks’ by 94%; inhibition was
concentration-dependent with an apparent Ki for amiloride of 26 + 4 pM
(data not shown). The results suggest the pHi recovery from an imposed
acid-loading is mediated by the Na /H+ exchanger in BAECs.

When morphine (50 yM, 20 min) was added to the cells, an
alkalinizaton to 7.55 1 0.05 pH units (n=10) was produced (Fig. 2A) and
took an hour to return to its resting pHi. Naloxone (50 gM) given 5 min
before morphine (50 M) blocked this effect {naloxone: 7.32 + 0.06;
naloxone+morphine: 7.29 + 0.05, n=5 for both groups), suggesting that
this was an opiate receptor-mediated phenomenon. It should be noted that
naloxone itself increased pHi by 2.14 + 0.05 units (n=5). To determine if
morphine activated the Nu+/H exchanger, pHi was monitored in the
presence of amiloride by which Na'/H" exchanger was blocked. Morphine
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did not induce changes in pHi (Fig. 2A). Experiments were a.ls_e
conducted in Na'-free Hanks’ in which the activity of the Na+/H

exchanger was inhibited by removing extracellular Na”. Morphine-induced
+
7.6+ 145 mM Na
- 50 mM
_ 7.2} Na+
I b
e +
6.8F 0 mM Na
- Pmeme——
6.4L 1 min
Fig. 1. Evidence for Na*/H* exchanger in adherent BAECs. Celis were loaded
with NH4CI (40 mM) for 15 min, placed in Na*-free media for 2 min and, then
replaced in buffer containing 0, 50, 145 mM Nat Hanks'. No recovery was ob-
served in Na* -free Hanks'.
Pemen—f
A 1 min
7.6 Mfoo — Amiloride
7.4
e 7.2 + Amiloride
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- 7.4
I
a 7.2
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Fig. 2. Effects of morphine on BAECs under conditions which inhibited the
Nat/H* exchanger. (A) Amiloride (1 mM) was added 5 min prior to morphine
(50 uM). (B) Cells were placed in Na*-free Hanks'. {C) Cells were placed in Na*t
Hanks' at pHg = 7.0. The pH, of normal Na* Hanks’ was 7.38.
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alkalinization was not observed (Fig. 2B). Similarly, an increase in
extracellular proton which can block antiporter-dependent H'W efflux also
inhibited morphine-induced alkalinization (Fig. 2C)+ The lack of an effect
of morphine on pHi after the blockade of Na™t /H exch nger suggests that
morphine alkalinized BAEC via an activation of Na‘t JH" exchanger.

DISCUSSION

The resting pHi of adherent BAECs is 7.22 + 0.03 which is in
agreement with the resting pHi of nonadherent BAECs as shown by
Kitazona et al. (1988). Morphine induced an intracellular alkalinization
which took 1 hr to return to its resting pHi. The effect was via
Na"/H" exchanger since the presence of amiloride prevented the effect.
The view was further suppo _%_ed by two other observations. That is,
removal of extracellular Na’™ or an increase of extracellular proton
inhibited morphine-induced alkalinization. This is not unique to morphine.
A similar effect has been reported in many different cells treated with
agents such as growth factors, mitogens, tumor-promoting agents (Grinstein
and Rothstein, 1986). The underlying mechanism(s) of morphine-induced
alkg_hmzauon is not understood. It is possible that morphine activates the

g_ exchanger either by modifying the apparent affinity for Na
, or by changing the maximal rate of exchange. Our preliminary data
ha.ve also indicated that opiate receptors are on the cell membrane in
BAECs (data not shown). Pretreatment of naloxone prevented the
alkalinization suggesting that morphine-activated Na' /H" exchange is
coupled to opiate receptors. It will be interesting to study if the
alkalinization produced by opiates in BAECs is involved in changing the

blood pressure which occurs following administration of opiates in vivo.
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SUMMARY

Following lethal irradiation, mice usually succumb to sepsis as a result of
translocation of intestinal bacteria and impairment of the host defense system.
Additional trauma in these immunocompromised mice further increases sus-
ceptibility to bacterial infection from either endogenous or exogenous origin.
Treatment with ofloxacin or synthetic trehalose dicorynemycolate (S-TDCM)
and was evaluated in mice, which were lethally irradiated and wounded, and
which died with sepsis within six days. Wounding was performed on C3H/HeN
mice anesthetized by inhalation of methoxyfurane. Dorsal skin and muscle
equal to 30% total body surface was removed 1 h after 8.0 Gy gamma radia-
tion. S-TDCM, which augments nonspecific resistance to infection in irradiated
mice, was given once i.p. immediately after wounding. Ofloxacin was injected
s.c. daily from day 0 to day 10. Staphylococcus aureus, Streptococcus faecium,
and Escherichia coli were isolated from both the livers and wound sites of mori-
bund, untreated mice 4 and 5 days postirradiation. Although all mice died, of-
loxacin increased the mean survival time from 4.7 days (untreated) to 11.4 days
and decreased the number of bacterial species isolated from liver and wound.
Combined treatment with ofloxacin and S-TDCM did not increase survival
time compared with ofloxacin treatment alone. Although they prolong
survival, ofloxacin and S-TDCM alone are inadequate for effective therapy of
polymicrobic infections in irradiated/wounded mice.

ZUSAMMENFASSUNG

Im Gefolge letaler Bestrahlung fallen Miuse normalerweise einer Sepsis zum
Opfer, bedingt durch die Translokation intestinaler Bakterien und der Dys-
funktion des wirtseigenen Abwehrsystems. Die Empfinglichkeit gegentiber
bakteriellen Infektionen wird bei solchermaBen immunkomprimittierten
Maiusen durch zusétzliche Wundtraumata entweder endogenen oder exogenen
Ursprungs weiter erhoht. Bei letal bestrahiten und verwundeten Mausen, die
innernaib von 6 Tagen an Sepsis starben, wurde die Behandlung mit Ofloxacin
und/oder synthetischem Trehalose-Dicorynomycolat (S-TDCM) iberpriift.
Das Setzen von Wunden wurde an C3H/HeN-Mzusen vorgenommen, die
durch die Inhalation von Methoxyfluran anisthetisiert wurden. Eine Stunde
nach 8,0 Gy Gamma-Bestrahlung wurden dorsal Haut- und Muskelgewebe in
Entsprechung von 30% der gesamten Korperoberfliche entfernt. Unmittelbar




nach der Wundsetzung wurde S-TDCM, welches die unspezifische Resistenz
gegeniiber Infektionen bei bestrahlten Mdiusen erhoht, in einer einmaligen
Dosis intraperitoneal appliziert. Ofloxacin wurde tiglich subkutan von Tag 0
bis Tag 10 injiziert. Staphylococcus aureus, Streptococcus faecium und Esche-
richia coli wurden sowohl aus den Lebern, als auch von den Wundstellen ster-
bender, unbehandelter Mause im Zeitraum von 4 und 5 Tagen nach der Be-
strahlung isoliert. Obwohl alle Miuse starben, erh6hte Ofloxacin die mittlere
Uberlebenszeit von 4,7 Tagen (unbehandelt) auf 11,4 Tage und erniedrigte die
Anzahl der aus Leber und Wunden isolierten Bakterienspezies. Die kombi-
nierte Behandlung mit Ofloxacin und S-TDCM erhéhte die Uberlebenszeit im
Vergleich mit alleiniger Ofloxacin-Behandlung nicht. Ofloxacin und S-TDCM
alleine sind fiir die effcktive Therapie von Infektionen durch mehrere Mikroben
bei bestrahiten und verwundeten Miusen ungeeignet, obwohl sie die Uberle-

benszeit verlingern.

INTRODUCTION

One of the many problems that physicians
will encounter in the treatment of radiation
victims 1s providing life-sustaining support to
individuals who have not only received a lethal
dose of radiation but have received physical
trauma as well. We previously showed that i.p.
injection of synthetic trehalose dicory-
nemycolate (S-TDCM) 20 h before or I h after
lethal irradiation significantly increases
survival in B6D2F! or C3H/HeN mice (MA-
DONNA et al., 1989). Further, S-TDCM-
enhancement of survival in irradiated mice was
shown to be associated with a reduction in
sepsis, increase in nonspecific resistance to in-
fection. and stimulation of hematopoesis. Of-
loxacin is one of a new generation of fluo-
rinated quinolones with activity against most
Gram-negative bacteria. many Gram-positive
bacteria and some anaerobes (MONK and
CAMPOLI-RICHARDS. 1987).

Our purpose in the present study was to de-
termine whether S-TDCM or ofloxacin would
increase survival in irradiated mice that are
wounded 1 h after irradiation and which die
one week earlier than mice exposed to radiation
alone. Results showed that aggressive anti-
biotic therapy with ofloxacin, but not S-TDCM
injection, significantly increased the survival
time of combined injured mice. In addition, of-
loxacin therapy reduced the number of bac-
terial species cultured from the wound and liver
of irradiated 'wounded mice.

METHODS

Radiation

C3H HeN female mice (8 - 12 weeks) were
given a whole body dose of “Co radiation
(MADONNA et al.. 1989). Mice received 8.0
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Gy at 0.4 Gy/min. This dose results in 85 ~
100% mortality in 30 days.

Wounding and S-TDCM Therapy

One hour postirradiation, groups of mice
were anesthetized by inhalation of methoxy-
flurane and treated as follows:

Irradiated Group

Mice were injected with a suspension of S-
TDCM (Rith immunoChem Research, Inc.,
Hamilton, MT) (200 ug/mouse, i.p.) in 0.2%
Tween 80/saline. or saline (control) (0.5 ml/
mouse, i.p.). The synthesis and preparation of
S-TDCM has been described (MADONNA et
al., 1989).

Combined-Injury Group

Mice were given a 30% total-body-surface-
arca wound (LEDNEY et al., 1985) and then
injected i.p. with either S-TDCM or saline
(control). The time required for the wound
trauma procedure is approximately 10 minutes.
In brief, the fully anesthetized mouse is sub-
jected to wound trauma by punching out a
double layer of dorsal surface skin between the
shoulders. The panniculus carnosus muscle and
overlying skin is removed by sliding the loose
dorsal skin away from the body and by striking
a steel punch with a hammer. The procedure is
done on a clean teflon covered operation
board. Aseptic technique is used throughout
the entire procedure. The wound size is 30% of
the total skin surface.

Antibiotic Therapy

Ofloxacin (Ortho Pharmaceuticals) was pre-
pared in sterile, pyrogen-free water and was in-
jected into mice (0.1 ml/mouse. s.c.) at a dose of
40 mg/kg/day. Control micce reccived 0.1 mi of
water/day. s.c.




Isolation of Bacteria From Wound Site
and Liver

Additional mice were included in each group
to assess the degree of bacterial colonization of
the wound and/or the presence of sepsis in-
dicated by bacteria in the liver.

Wound Culture

The wound site of injured mice was cultured
for bacteria by rolling a sterile, saline-soaked
cotton swab over the wound surface. The swab
was then inoculated to one plate of 5% defib-
rinated sheep blood agar (with phenyl ethanol)
and one plate of MacConkey Agar. Media were
incubated overnight at 35° C. Colonies of bac-
teria were identified by standard diagnostic
procedures (ASM Manual of Clinical Labo-
ratory Microbiology).

Liver culture

Mice were euthanized by cervical dislocation
and a portion of each liver was aseptically re-
moved, weighed, and homogenized in cold
saline solution. Serial dilutions of each liver ho-
mogenate were made in cold saline solution
and suspensions were inoculated in duplicate to
media by a Spiral plater (Spiral Systems Inc.),
enumerated and identified.

RESULTS

Survival and Culture of
Irradiated/Wounded Mice

Ofloxacin therapy increased the mean
survival time of irradiated/wounded mice from
4.7 days (untreated) to 11.4 days (treated) (Fig-
ure 1). Culture of the wounds of untreated,
moribund mice on day 4 yielded Staphylo-
coccus aureus, Streptococcus faecium, Esche-
richia coli, and Proteus mirabilis. In contrast,
only S. aureus and S. faecium were recovered
from the wounds of ofloxacin-treated mice. In
addition, P. mirabilis was recovered from the
livers of untreated mice on day 4, whereas no
bacteria were recovered from the livers of irra-
diated/wounded mice treated with ofloxacin.

Although S-TDCM increased the survival of
irradiated mice, it decreased the mean survival
time of irradiated/wounded mice from 4.7 days
to 3.8 days. Cultures of the wounds of irra-
diated/wounded mice yielded S. aureus, S. fae-
cium, E. coli, and P. mirabilis as did those of
untreated mice. P. mirabilis was isolated from
the livers of both untreated and treated mice.

Combination therapy with S-TDCM and of-
loxacin decreased survival time of irradiated/

wounded mice compared with ofloxacin treat-
ment alone by 1.1 days (11.4 days with oflox-
acin vs. 10.2 days with ofloxacin and S-
TDCM). No bacteria grew in liver cultures
from ofloxacin-treated mice 4 days postirradia-
tion. In contrast, cultures of liver from S-
TDCM/ofloxacin treated mice yielded S. fae-
cium and S. aureus.

DISCUSSION

These studies demonstrated that early mor-
tality in combined injured mice is associated
with fulminant infection most likely resulting
from the unhindered spread of bacteria from
the wound site. The usefulness of aggressive an-
tibiotic therapy to suppress the growth and
spread of opportunistic bacteria was dem-
onstrated by the increased mean survival time
and the reduction in the number of bacterial
species isolated from the wound and liver of of-
loxacin-treated mice.

Results suggested that therapy with an im-
munomodulator, such as S-TDCM, can be
toxic rather than beneficial. Interestingly, pre-
vious studies have shown that combined the-
rapy with natural TDM from Mycobacterium
phlei and ceftriaxone (a third-generation cepha-
losporin) synergistically increased survival of
mice exposed to a sublethal dose of radiation
and challenged with a lethal dose of Klebsiella
pneumoniae (MADONNA et al., 1989).

These studies illustrated the association and
complexity of wound trauma and susceptibility
to infection in the immunocompromised host.
Further investigations into the mechanisms of
early mortality in combined injury will be ne-
cessary in order to determine better treatment
regimens.

Experiments are in progress to determine
whether ceftriaxone is more efficacious than of-
loxacin when combined with S-TDCM therapy
in irradiated/wounded mice. The spectrum of
activity of ceftriaxone includes staphylococci,
except methicillin-resistant strains, but not en-
teric streptococci.
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Figure 1: Survival of irradiated/wounded mice given S-TDCM and treated with ofloxacin. Mice
(N = 12) were irradiated/wounded (R + W) or irradiated alone (R) on day 0. Mice in
each group were injected with S-TDCM (200 p.g/mouse, i.p.) or saline solution 1 h post-
irradiation. Ofloxacin or water (control) was injected s.c. (40 mg/kg/day) on days 0-19.
P values determined by the generalized Savage (Mantel Cox) method were: P = 0.0035
for R + W vs. R + W(S-TDCM), P < 0.001 for R vs. R(S-TDCM), and P > 0.05 for
R + W(ofloxacin) vs. R + W(S-TDCM + Ofloxacin).
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The behavioral and physiological effects of 10 Gray (Gy) LINAC electrons in male Swiss-Webster mice
were followed for 12 days postirradiation (PR). In Experiment 1, aggressive behavior was assessed in irradiated
or sham-irradiated resident mice using a resident-intruder paradigm. Aggressive offensive behavior in the irradiated
residents was significantly decreased beginning 2 to 5 days PR, and remained suppressed. Defensive behavior
in the nonirradiated intruders was decreased significantly by day 5§ PR. In Experiment 2, spontaneous locomotor
activity was monitored, Ambulation of irradiated mice was significantly depressed from day 5 PR on, while rearing
was affected as early as day 2 PR and remained suppressed. Body weights of irradiated animals were signifi-
cantly decreased by 5 days PR. In Experiment 3, blood parameters were examined. Compared to sham-irradiated
controls, leukocytes, erythrocytes, and hematocrit of irradiated mice were reduced significantly beginning on
day 1 PR and remained suppressed, while platelets and hemoglobin were decreased beginning day 2 PR. These
results demonstrate that 10 Gy of high-energy electrons results in earlier behavioral deficits than has been observed
previously with the same dose of gamma photons.

INTRODUCTION

Exposure to electron fluxes in the Earth’s radiation belt presents a serious problem for manned
space flight and is of special concern for proposed missions to Mars, the establishment of lunar
bases, and the use of geostationary orbits'>!”. Low doses of radiation can exert subtle effects
on the nervous system, resulting in possible behavioral decrements that would interfere with the
successful completion of a space mission*!'>?, Exposure to higher doses of radiation can result
in severe early performance decrements, anorexia, nausea, emesis, fever, and diarrhea. These
symptoms are followed by anemia, immunosuppression, hemorrhage, and muscular
weakness* ' all of which could present serious threats to astronauts.

Previous research has demonstrated that electron radiation may exert a greater suppressive
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effect on behavior than other qualities (types) of radiation, including gamma photon,
bremsstrahlung, and neutron radiation. For example, a study measuring performance on an
accelerod, a shock-motivated test of motor coordination, revealed that the ED30 (median effective
dose) for disruption of motor behavior for electrons, gamma photons, bremsstrahlung, and neutron
radiation was 61, 89, 81, and 98 Gy, respectively®>. Similarly, the ED50 for suppressing shock-
avoidance behavior on a jump task in rats was 62 Gy for electron radiation and 102 Gy for gamma
photons'®, Moreover, a dose of 100 Gy electrons produced the same degree of radiation-induced
catalepsy in rats as 150 Gy gamma photons'®, (Dr. S.B. Kandasamy, personal communication).
Whotle-body irradiation of rats with 10 Gy electrons produced similar perturbations in calcium
channel uptake in synaptosomes as did whole-body irradiation with 20 Gy gamma photons (Dr.
S.B. Kandasamy, personal communication).

While electrons may be more effective than other qualities of radiation at suppressing some
types of behavior, this is not true of all behavioral measures. In miniature pigs, head-only
irradiation with 88 Gy electrons produced the same degree of deficit in shock-avoidance behavior
in a shuttlebox as irradiation with 88 Gy mixed gamma-neutrons'®!). Development of condi-
tioned taste aversion in rats was affected more severely by high-energy iron particles and neutrons
than by electrons: a maximal radiation-induced conditioned taste aversion was produced by
irradiation with 0.3 Gy high-energy iron particles, 1 Gy neutrons, 5 Gy gamma photons, or §
Gy electrons®”.

In the present studies, the effects of high-energy electron radiation on aggressive behavior,
locomotor activity, and body weight were assessed. Blood parameters were also monitored to
determine if behavioral changes were correlated with radiation-induced hemopoietic alterations.

MATERIALS AND METHODS

Subjects

Male Crl:CFW (SW) BR VAF/Plus Swiss-Webster mice, aged 4 months, were obtained from
Charles River Breeding Labs (Raleigh, NC), and served as subjects. All animals were quarantined
on arrival, and a random sample of mice were screened for evidence of disease by histopathology
and serology. Mice were housed individually in polycarbonate isolator cages on hardwood chip

contact bedding in an AAALAC-accredited facility under a reversed 12:12 hr light-dark cycle
with lights off at 0700. Temperature was maintained at 21° +1°C with 50% + 10% relative

humidity. Commercial laboratory rodent chow (Lab Blox, Wayne, OH) and acidified (pH 2.5
using HCH) water?? were freely available.

Radiation Procedure

The mice were placed in ventilated lucite restraint devices for approximately 20 min during
irradiation or sham irradiation. Animals were exposed to 10 Gy of 18.5 MeV electrons from
a linear accelerator that provided 4 microsecond pulses (15 pulses/sec). Sham-irradiated animals
were placed in the radiation chamber for an equivalent amount of time, but were not exposed
to the electrons.
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Experiment 1 -Resident-Intruder Test

Social behavior was measured using a resident-intruder paradigm, in which a resident mouse
attacks an intruder that has entered its territory®®. This paradigm has been used widely to
measure offensive aggressive behavior (observed in the resident as it attacks the intruder) and
defensive behavior (observed in the intruder as it defends itself) and has ethological validity because
dominant mice defend their territories in the wild"?.

The animals were housed individually for 6 weeks before irradiation because this has been
reported to be an effective noninvasive method for inducing offensive aggressive behavior in
mice®®1929_ After 5 weeks of isolation, each animal was brought to the test room and paired
with another weight-matched mouse for 5 to 10 min. Subsequently, the animal that dominated
in this encounter was designated as the resident and the subordinate mouse became the intruder.
Mice remained in the same resident-intruder pairs throughout the study, and all further testing
was conducted in the resident’s home cage.

On each test day, the mice were habituated to the testing room for 1 hr prior to the aggression
test. The intruder was placed in the resident mouse’s home cage (25.7 cm x 15.2 cm x 12.1
c¢m) for 5 min during the dark portion of the light-dark cycle, and the ensuing behavioral inter-
actions were videotaped under infrared light. The following behaviors displayed by the resident
mice were analyzed: number of bites, number of lunges and chases, and attack latency’>%. Bites
did not draw blood or leave any discernible mark on the intruder. Behaviors displayed by the
intruder mice that were analyzed consisted of number of escapes, number of squeaks, and number
of defensive upright postures'*>”. Videotapes were scored by an observer who was unaware of
the treatment condition of the animals. Aggressive behavior was measured 2 days before irradia-
tion (baseline); 1 tc 3 hr postirradiation (PR); and 1, 2, 5(N=8), 7T(N=7), 9 (N=5), and 12
days (N=3) PR in irradiated and sham-irradiated animals (N =9 on all days). Animals were
weighed on each day at the conclusion of testing.

Experiment 2 -Locomotor Activity

In a separate study, a Digiscan Animal Activity Monitor (Omnitech Electronics, Columbus,
OH), equipped with an array of infrared photodetectors, was used to record horizontal activity
(ambulation) and vertical activity (rearing). Each animal was placed in the open field area (20.0
cm x 20.0 cm x 30.5 cm) during the dark portion of the light-dark cycle. Locomotor activity
was recorded for 5 ruin, the time period corresponding to the length of the resident-intruder
encounter in Experiment 1. Activity was monitored 2 days before irradiation (baseline); 30 min
PR;and 1, 2,5, 7(N=16), 9 (N=12), and 12 days (N =5) PR in irradiated and sham-irradiated
animals (N=16 on all days) Mice wers weighed after each activity test.

Experiment 3 -Hemopoietic Parameters

Additional groups of irradiated (10 Gy) and sham-irradiated mice were used in these experi-
ments (N =9/group/day). The mice were anesthetized by methoxyflurane inhalation and
exsanguinated by cardiac puncture. Blood was collected in tubes containing EDTA. The animals
were euthanized by cervical dislocation. Hemopoietic parameters (nuriber of leukocytes, platelets,
and e - throcytes, the hematocrit, ar. 1 hemoglobin) were determined by ~ Baker Instruments System
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9000 Automated Cell Counter (Allentown, PA). Blood samples were obtained 2 days before
irradiation; 4 hr PR; and 1, 2, 5, 7, and 9 days PR. To control for the possible effect of repeated
fighting on hemopoiesis, the mice were paired in their home cages with intruders for 5§ min, on
every day that the subjects in Experiment 1 were tested, and 4 hr before removal of blood.

Statistical Analysis
Behavioral data from Experiment 1 were nonparametric, and were analyzed by Mann-Whitney
U tests (irradiated vs. sham animals on each test day). Activity data and body weight were analyzed
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Fig. 1. Effects of 10 Gy electron radiation or sham-irradiation on aggressive
offensive behaviors displayed by resident mice. Intruder mice were placed
into the residents’ home cages for S mim and soaal behavior was videotaped
2 dayvs before irradiation, immediately after irradiation, and 1, 2, £, 7.9,
and 12 days postirradiation. Data are presented as means and S.E M.
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by t-tests (irradiated vs. sham animals on each test day). Hemopoietic data from Experiment
3 were analyzed by a one-way analysis of variance (radiation was the between groups factor).

A one-tailed alpha level of 0.05 was chosen, based upon the results of previous studies

9,14,18,20,21)

and was used to evaluate all statistics.

RESULTS

Experiment 1- Aggressive Behavior
Attack latency of irradiated resident mice was significantly greater than that of sham-irradiated
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Fig. 2. Defensive behaviors exhibited by nonirradiated intruder mice placed into

residents’ home cages tor S min. See Fig. 1 for additional details.
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residents on day 0 PR (1 to 3 hr PR) and on days 2, 5, 7, 9, and 12 PR (p <0.05) (Fig. 1). The
number of bites exhibited by resident mice was significantly lower in irradiated animals than
in sham-irradiated residents on days 2, 5, 7, 9, and 12 PR (p<0.05) (Fig. 1). The number of
lunges and chases displayed was significantly lower in irradiated residents than in their controls
on days 5, 7, 9, and 12 PR (p<0.05) (Fig. 1). In untreated intruders paired with irradiat~.d resident
mice, the number of defensive upright postures, escapes, and squeaks, was significantly lower
than in intruders paired with sham-irradiated resident mice on days $, 7, 9, and 12 PR (p< 0.05)
(Fig. 2). Body weight of the irradiated mice was significantly decreased from day 5 PR (p <0.05)

(Fig. 4A).
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Fig. 3. Locomotor activity in mice as a function of 10 Gy electron radiation or
sham-irradiation. Animals were monijtored for S min for ambulation
(horizontal activity) and rearing (vertical activity) 2 days before irradia-
tion, immediately after irradiation, and 1,2,5,7.9, and 12 days postirradia-
tion. Data are presented as means and S.E.M. (*p <0.05, **p <0.01).
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Fig. 4. Body weight in mice as a function of 10 Gy electron radiation or sham-
irradiation. Animals were weighed at 2 days before irradiation, on the day
of irradiation, and 1, 2, §, 7, 9, and 12 days postirradiation. A) Resident
mice from Exp. 1 (aggressive behavior). B) Mice from Exp. 2 (locomotor
activity). Data are presented as means and S.E.M. (*p <0.05, **p <0.01).

Experiment 2- Locomotor Activity

Rearing was significantly decreased in irradiated mice when compared with their sham-
irradiated controls on days 2, 5, 7, 9, and 12 PR (p <0.05) (Fig. 3). Ambulation was signifi-
cantly lower in irradiated mice than in sham-irradiated animals on days 5, 7, 9, and 12 PR (p <0.05)
(Fig. 3). Electron radiation-induced deficits in rearing appeared earlier postirradiation than deficits
in ambulation. Body weight of the irradiated animals was significantly decreased from day $§
PR, replicating the effects of Experiment 1 (p <0.01) (Fig. 4B).

Experiment 3- Hemopoietic Parameters

Leukocyte and erythrocyte counts and the hematocrit were decreased significantly in irradiated
mice when compared with sham-irradiated mice, on days 1, 2, 5, 7, and 9 PR (p <0.05) (Table
1). Platelet count and hemoglobin were decreased significantly in the irradiated mice on days
2, 5,7, and 9 PR (p<0.05) (Table 1).

DISCUSSION

Offensive aggressive behavior, displayed by resident mice towards the intruders, decreased
by 2 10 5 days PR in irradiated animals, and remained suppressed through the last test on day
12 PR. In previous studies using 10 Gy gamma photons, irradiated resident mice did not show
a deficit in aggressive offensive behavior until day 7 PR®:2)_ With 10 Gy electrons, defensive
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Table 1. Hematologic Parameters Over Time as a Function of Irradiation With 10 Gy LINAC

Electrons
Measure Day-2 Day 0 Day 1 Day 2 Day § Day 7 Day 9
RBC-RAD 7.352 7.71 7.31* 6.59* 5.99*+ 4.77%» 3.97%*
0.22° 0.18 0.13 0.22 0.17 0.34 0.20
RBC-SHAM  7.35 7.42 8.05 7.41 8.07 6.51 6.66
0.22 0.13 0.19 0.29 0.18 0.13 0.24
WBC-RAD 2.89 2.50 1.36** 0.78* 0.21** 0.47** 0.23**
0.40 0.22 0.24 0.11 0.02 0.09 0.03
WBC-SHAM  2.89 221 4.06 3.4 3.21 2.22 3.47
0.40 0.23 0.39 0.88 0.32 0.23 0.38
PLT-RAD 1.18 1.17 1.22 1.07* 0.61** 0.06** 0.04**
0.08 0.03 0.06 0.05 0.04 .006 .003
PLT-SHAM 1.18 1.14 1.33 1.32 1.38 0.89 1.25
0.08 0.06 0.04 0.11 0.03 0.12 ‘0.04
HGB-RAD 12.8 13.0 12.6 11.2* 9.7*+ 8.9* 8.3+
0.4 0.3 0.2 04 0.2 0.7 0.7
HGB-SHAM 128 12.7 13.3 13.0 131 12.8 13.8
0.4 0.2 0.3 0.5 0.3 0.3 0.3
HCT-RAD 35.8 37.5 35.6* 31.4* 28.0** 25.4%* 21.3**
1.1 1.0 0.6 1.1 0.7 1.7 1.5
HCT-SHAM &, 36.0 38.6 35.9 39.0 36.8 38.6
1.1 0.7 1.0 1.3 0.9 1.2 0.8
a Mean
b SEM

* p<0.05 compared to sham controis
** n<0.005 compared to sham controls

RBC (erythrocytes) count as 1 x 10 cells/ml
WBC (leukocytes) count as 1 x 10 cells/mi
PLT (platelets) count as | x 10 cells/mi
HGB (hemoglobin) in g/dl of whole blood
HCT (hematocrit) as perceni of volume
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behavior in untreated intruder mice decreased in animals paired with irradiated residents by $
days PR, and remained suppressed for the duration of the experiment. Decreases in defensive
behavior may have appeared later than alterations in offensive behavior because the intruder
mouse reflexively assumes defensive postures as soon as it is placed in the resident’s cage and
may require additional time to learn that its opponent is no longer a threat. In other studies using
10 Gy gamma photons, defensive behavior did not decrease until day 7 PR®:2D) These data
suggest that electron radiation may produce an earlier decrement in aggressive behavior in mice
than gamma photons.

Rearing in mice irradiated with 10 Gy electrons decreased significantly by 2 days PR, while
ambulation decreased by 5 days PR. In studies with 10 Gy gamma photons, rearing was decreased
by 5 to 7 days PR while ambulation was decreased 2 to 5 days PR?2", Thus, for the rearing
measure of locomotor behavior, electron radiation appeared to produce an earlier behavioral
decrement than gamma photons.

Hemopoietic parameters exhibited significant decreases after irradiation with 10 Gy electrons
beginning 1 to 2 days PR, and continuing through 9 days PR (the last day blood was drawn).
Mortality within this period generally results from hemopoietic injury leading to hemorrhage
and infection®'®. The onset and progressive severity of this hemopoietic syndrome following
irradiation appears to precede the behavioral deficits observed in the animals. Several important
physiological consequences of radiation injury that might influence the ability of the animals
to respond normally to social stimuli include a progressive anemia, hemorrhaging, decreased food
intake and corresponding weight loss, and alterations in water and electrolyte balance®'¥.
Radiation-induced decreases in body weight appeared by 5 days PR, and reflect the presence
of physiological symptoms severe enough to prevent the animal from maintaining its body weight.
The decrease in aggressive behavior and locomotor activity following irradiation is more likely
related to the onset of the hemopoietic syndrome rather than to direct effects of radiation on
the nervous system.

The earlier onset of deficits in aggressive behavior and rearing observed after high-energy
electron radiation parallels the more severe effects of this quality of radiation on avoidance
responding as reported previously”"”. Many factors are involved in this effect, including
accuracy of dose measurement, dose distribution in the animal, dose rate, pulse timing, linear
energy transfer (LET), and energy levels of the radiation field®. For many behavioral measures,
radiation qualities with low LET (gamma photons, electrons, bremsstrahlung) are often more
disruptive than those with high LET (neutrons)®, although high LET radiation generally has a
more rapid effect on mortality>**3". For example, in shock-avoidance tasks in both pigs and
monkeys, irradiation with gamma photons had a more disruptive effect than neutrons'*?®.
Moreover, bremsstrahlung radiation produced greater behavioral incapacitation in monkeys on
a shock-avoidance visual-discrimination task than neutrons®®. In contrast, the intensity of
conditioned taste aversions, a model for radiation-induced emn.esis, has been found to be positively
correlated with LET®. Similarly, neutron radiation produced a greater frequency of vomiting
in monkeys than exposure to gamma photons***". In addition, mixed radiation (60% gamma
and 40% neutron), delivered in a pulse, suppressed performance of a shock-avoidance lever-press
task in monkeys more than X-rays?”.
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In the present studies, electron radiation was found to exert a suppressive effect on aggressive
behavior, locomotor activity, body weight, and hemopoiesis. High-energy electrons appeared to
produce behavioral decrements earlier postirradiation than gamma photons?®?". Both radiation
quality and type of behavioral task are important factors in evaluating the nature of radiation-
induced behavioral deficit, and should be considered when extrapolating dose-response e{fects.
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Abstract. Using the monoclonal antibody W3/13, which recognizes a determinate
expressed on a sialoglycoprotein, rat marrow cells with the phenotype Thy-1 antigen up-
per 20% positive (0x72°) and high molecular weight leukocyte common antigen negative
(Ox22°) were separated into W3/13 dim (W3/13% and W3/13 bright (W3/13%) subpopu-
lations by single-laser cell sorting. The spleen colony-forming unit (CFU-s) was found
in the W3/13¢ fraction. A 468-fold enrichment of CFU-s was achieved. Only 20% of the
0x72, 0x22-, and W3/13° cells were in the S phase of the cell cycle as compared to 56%
of Ox, 2, 0x22", and W3/13" cells. Using Indo-1, it was not possible to demonstrate in-
creases in cytosolic Ca** levels within the enriched CFU-s population by colony-stimulating
factors (CSFs) or interleukins 1, 2, and 3. However, challeage with the Ca** ionophore,
ionomycin, demonstrated apparent heterogeneity of intracellular Ca** management within
the enriched CFU-s population. The source of this heterogeneity is not known. Only a
12-day CFU-s was detected in the rat, and it was predominantly, but not exclusively, a Rhoda-
mine 123 (Rhi23) dull cell.

Introduction

Previously, sorting rat marrow cells for the Ox7 upper 20% positive (Ox72%)
and cells other than those expressing high levels of high molecular weight leukocyte
common antigen (Ox22-), resulted in a 100-fold enrichment of the rat spleen colony-
forming unit (CFU-s) [1], a 350-fold enrichment of cells capable of protecting rats
from the lethal effects of ionizing radiation [2] and a 282-fold enrichment of the
marrow prothymocyte [3]. The Ox72° and Ox22- population was found to be pheno-
typically heterogeneous. It could be separated into two subpopulations by dual
laser flow cytometry using the monoclonal antibody W3/13 [2]. The purpose of this
study was to characterize the rat CFU-s with respect to the W3/13 dim (W3/13%)
and bright (W3/13") subpopulations of the Ox72° and Ox22- cell populations.
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Materials and Methods

Animals

Lewis male rats were obtained from Charles River Laboratory (Kingston, RI) at
4 weeks of age and used at 8 weeks of age in an AAALAC-accredited facility. Rats were
euthanized by CO, gas inhalation.

Biologicals

Rhodamine 123 (Rh123) and Indo-1/AM were purchased from Molecular Probes
(Junction City, OR); pokeweed mitogen (PWM) and 4 ‘6 "-diamidino-2-phenylindole dihy-
drochloride (DAPI) from Sigma Chemical Company (St. Louis, MO); human granulo-
cyte colony-stimulating factor (G-CSF), mouse recombinant interleukin (IL) 1 and 3 from
Amgen Biologicals (Thousand Oaks, CA): rat IL-2 from Accurate Chemical and Scien-
tific Corporation (Westburg, NY); ionomycin and trifluoperazine dimaleate (TFP) from
CALBIOCHEM Corporation (San Diego, CA). CMRL-1066. RPMI-1640, Opti-1 medium,
fetal calf serum (FCS) and Dulbecco’s phosphate-buffered saline (PBS) from GIBCO
Laboratories (Grand Island. NY).

Flow Cytometry and Sorting

The fluorescence-activated cell sorter (FACS-II; Becton-Dickinson Immunocytometry
Systems, Mountain View, CA) was upgraded to a dual laser, six-parameter instrument.
A forward light scatter measurement, and 3 immunofluorescence measurements were ini-
tiated with the first argon laser (488 nm): fifth and sixth fluorescence measurements were
made following excitation with a second ultraviolet argon laser. Filters were purchased
from Omega Optical Inc. (Brattleboro, VT). The FACS-II electronics were used to delete
the crossover between fluorescence channels. Either the DAPI-DNA fluorescence or Indo-1
violet/blue fluorescence ratio was recorded on the spatially separated delayed channel. The
forward light scatter (FWLS) signal was used to trigger the electronics of the FACS-II,
but was not recorded on the Consort 40 computer systern because of space limitations.

Cell Staining

Single cell preparations and immunofluorescence cell staining with allophycocyanin
(APC)-Ox7 Fab’, phycoerythrin B (PhyB)-Ox22 Fab’, PhyB-W3/13 Fab', and fluorescein
isothiocyanate (FITC)-W3/13 IgG were performed as described previously [1. 2]. For DNA
staining, the immunofluorescent-tagged cells were suspended in 1 m! PBS containing 200
ug TFP [4] and 3 ug of DAPI for 45 min at 4°C. For either Rhi23 or Indo-1/AM staining.
cells were incubated at 37°C at a concentration of 1 x 10° cells/ml in 10 ml of 10% FCS-
PBS at an Rhi23 concentration of 0.1 ug. ml or Indo-1/AM concentration of 0.3 ug/ml for
45 min. The cell suspension was washed twice and tagged with the appropriate im-
munofluorescent reagents as described above.

CFU-s Assay

Atotal of 1 x 102to 3 X 108 cells in | ml were injected i.v. into irradiated recipient
rats (9 Gy total body radiation at 0.04 Gy per min #Co). The spleens were removed 12
days later and fixed in Bouin’s solution [1].

CFC Assay

Celis were cultured in vitro by a modified version of the double agar technique described
by Bradlev et al. [5]. Pokeweed conditioned medium (PWCM) was prepared by incubat-
ing rat spleen cells in RPMI-1640 at 5% CO, at 37°C for 7 days. PWCM was mixed in
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Fig. 1. Five-parameter analysis of rat marrow cells. The primary argon laser was tuned
to the 488 nm spectral line and was used to generate the forward light scatter signal and
excite the 3 fluorochrome-conjugated monoclonal antibodies. The second argon laser was
tuned to the UV and was used to excite the DAPI-DNA complex. By gating on the APC-
Ox7% and PhyB-Ox22" cells, a new FITC-W3/13 immunofluorescence histogram was gener-
ated and is shown by the line labeled “Gated Cells” in quadrant B.

the bottom layer (equal volumes of 1% BactoAgar and modified 2 x CMRL-1066 medium)
and layered into a Petri dish. Cells were sorted directly onto the bottom layer. The top layer
(equal volumes of 1.5% BactoAgar, 2 X CMRL-1066 medium and Opti-1 medium) was im-
mediately added following the sort. Cultures were incubated at 5% CO, at 37°C for 5 days
at which time the colonies were counted.

Results

Purification

Sorts were performed on either FITC-W3/13 IgG- or PhyB-W3/13 Fab-labeled
rat marrow cells. Sort windows were set to include W3/13 negative, dim, and bright
cells. Greater than 96% of CFU-s were recovered in the W3/13" fraction using
either immunofluorescent reagent (data not shown). A second series of sorts for
CFU-s was performed, gating on all 3 immunofluorescence parameters: APC-Ox7%°
Fab’, FITC-W3/13- IgG. and PhyB-Ox22- Fab’ (Fig. 1A-C). Cells were sorted into
1 ml of 2% FCS-PBS and immediately injected i.v. into a single irradiated recipient
rat. There was a linear relationship between cells injected and spleen colonies
detected (Fig. 2). A 468-fold enrichment of CFU-s was achieved. The sizes of
the Ox72°0, Ox22-, and W3/13" or W3/13" subpopulations were 0.213% + 019%
and 0.!15% + 017% (mean + SE) of the total marrow cellularity. respectively.
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Fig 2. CFU-s dose-response curve for A) normal marrow cells and B) for entiched
APC-0Ox72, PhyB-Ox22", and FITC-W3/13¢ sorted cells. Based on 256 CFU-s per 10
cells for triple-labeled. unsorted marrow cells, a 468-fold purification of CFU-s was realized.

Cells were sorted directly into 35 mm Petri dishes containing the bottom layer,
and immediately following the sort, the top layer was added. The number of colo-
nies developing was linear to the number of Ox720, Ox22- and W3/13" cells sorted
and plated. Approximately 1| of 7 cells generated a colony (Fig. 3). Very few of
the Ox72°, Ox22- and W3/13" sorted cells developed into colonies (Fig. 3). The-
oretically, those colonies that developed were small (less than 50 cells in size)
and should have been classified as clusters.

Characterization

The DAPI-DNA histogram for total marrow cells is shown in Figure 1D. The
DAPI-DNA histograms for the Ox72°, Ox22-, and W3/13* or W3/13" subpopu-
lations (as shown in Fig. IB) are presented in Figures 4A and B. respectively.
Twenty per cent of the W3/13" population were in the S phase of cell cycle, while
the W3/\_l‘3h population had 56% of its cells in the S phase of cell cycle.
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Fig 3. CFC dose-response curves for enriched Ox72%, 0x22-, and W3/13¢ (@ — @)
and W3/13" (H—W) cells.

Figure 5 shows that the Ox72° and Ox22- cells were slightly more Rhi23 posi-
tive than most marrow cells. Within this population, CFU-s were predominantly
Rh123 dull.

The Indo-1 violet/blue fluorescence ratio of normal marrow and the Ox72°,
0Ox22-, and W3/13" were found to be nearly identical (Figs. 6A and B). Titering
Indo-1-loaded marrow cells with increasing amounts of ionomycin at 8°C to a final
concentration of 105 uM ionomycin showed that marrow lymphocytes were the
most sensitive to ionomycin; myelocytes were less sensitive, and what appeared
to be predominantly erythroid precursors were the least sensitive. Intermediate
between lymphocytes and myelocytes were the Ox72°, Ox22-, and W3/13 or
W3/WI13" cells. At 35 uM ionomycin, the resulting histogram for marrow cells
was trimodal (Fig. 6A). As shown in the correlated plot(s) of PhyB-Ox22 Fab’
(or APC-Ox7 Fab’ or FITC-W3/13 IgG) fluorescence versus Indo-1 violet/blue
fluorescence ratio (Fig. 7). the origin of the 3 peaks appeared to be cell lineage
specific. In contrast, the Ox7%% Ox22- and W3/13" gated population appeared to
be heterogeneous (Fig. 6B).

Indo-1 (0.3 pg/ml) and ionomycin (35 uM) were not toxic for CFU-s. These
cells were found to be relatively resistant, as compared with marrow lymphocytes.
to ionomycin-induced increases in cytosolic Ca** levels (Fig. 6A). Efforts to in-
duce cytosolic Ca** fluxes in the cells found within the Ox72%, Ox22-, and W3/13*
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Fig 4. DNA histograms. A) APC-0x7%%, PhyB-Ox22-, and FITC-W3/13° cells. B)
APC-Ox7%, PhyB-Ox22", and FITC-W3/13" cells. Points are actual data points while the
solid lines are computer-fitted lines generated by the Cotfit program based on the method
of Fox [6].

population with recombinant G-CSF, PWCM and IL-1, IL-2, and IL-3 at either
8°C or 37°C were not successful.

Discussion

By single laser excitation of FITC. PhyB. and APC. it was possible to per-
form three-parameter immunofluorescence sorts for rat CFU-s with an enrich-
ment of 468-fold being achieved. This enrichment is an improvement over the
320-fold purification reported by Goldschneider et al. [7] using anti-Thy-1 and
light scatter properties of CFU-s from cortisone pre-treated rats. The cortisone
treatment diminished marrow lymphocytes and separated them from cortisone-
resistant CFU-s. Starting with marrow from normal rats, Goldschneider et al.
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Fig 5. A) Rh123 green fluorescence of APC-Ox72° and PhyB-Ox22- labeled marrow
cells. The green fluorescence of double-labeled cells without Rhi23. the green fluores-
cence of double-labeled cells previously incubated with Rnl23 and the green fluorescence
of gated APC-Ox72° and PhyB-Ox22- cells are illustrated. B) CFU-s content of fractions
sorted only on the Rh123 fluorescence. The number of CFU-s is expressed as the number
of colonies per fraction from 1 X 108 sorted normal cells.

[7] achieved a CFU-s enrichment of 151-fold. Using the present purification pro-
tocol, marrow lymphocytes were gated out of the sort by the Ox22 monoclonal
antibody, and the cortisone pretreatment as well as density gradient pre-purification
steps [8] could be omitted.

The size of the Ox72°, Ox22- and W3/13“ population was determined to be
0.213% of the total marrow population. If all rat CFU-s are characterized by this
phenotype, then the maximum enrichment of CFU-s that could be achieved by
this sorting protocol would be 469-fold. Depending upon whether normal mar-
row CFU-s concentration is determined from the CFU-s dose-response curve for
normal marrow (Fig. 2A) or from the controls for the results graphed in Figure
2B, the maximum CFU-s concentration of the “purified”” CFU-s population would
be between 12,006 to 14070 CFU-s per 1 X 10¢ cells. The observed purity of
the enriched CFU-s population was found to be 11,500 CFU-s per 1 x 10° cells
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Fig 6. A) Indo-1 violet/blue fluorescence ratio of normal and ionomycin-incubated
(35 uM at 8°C) marrow cells. CFU-s content of fractions sorted only on Indo-1 violet/
blue fluorescence ratio. Results are expressed as CFU-s per fraction, based on 2 sort of
1 X 108 cells. B) The Indo-1 violet/blue fluorescence ratio histograms of the APC-Ox7%9,
PhyB-0x22-, and FITC-W3/13° gated cells in the presence and absence of ionomycin are
shown for comparison.

indicating that 82 to 96% of all rat CFU-s are defined by this phenotype.
Mouse CFU-s have been enriched 441- to 613-fold by cell sorting [9-11]. The
present enrichment of rat CFU-s was 468-fold. In order to calculate the absolute
purity of the enriched CFU-s populations, it is necessary to adjust for the num-
ber of CFU-s injected i.v. and the number that actually *“seed” the spleen and
form colonies. This correction factor is commonly referred to as “f.”” Unfortunately,
there are a variety of ways to czlculate f; the 2 h, 24 h, 24 h post-irradiated recipient,
dip, and extrapolation methods have all been used and generate estimates for f
between a high of 30% and-a low of 0.2% [12]. The 2 h and 24 h f values are simi-
lar in the rat and mouse, and if used, indicate that mouse FACS-enriched CFU-s
populations [9-11} are approximately 10-fold more pure than rat-enriched CFU-s
population. However, the *‘extrapolation” method for determining { indicates a
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Fig 7. A correlated plot of Indo-1 violet/blue fluorescence ratio versus PhyB-Ox22
fluorescence following incubation with ionomycin (35 uM at 8°C).

5- to 7-fold lower f for rat CFU-s as compared to mouse CFU-s. If the extrapo-
lated f's are used, it can be calculated that the FACS-enriched rat and mouse CFU-s
populaticns are of the same relative purity. The extrapolated f for mouse CFU-s
is 5% for the BN rat CFU-s (uncorrected marrow CFU-s concentration approxi-
mately 30 to 50 CFU-s per 1 x 109) it is 0.9% [12, 13]. Using the BN rat CFU-s
seeding efficiency for the Lewis rat CFU-s, slightly greater than a 100% (111%)
purity of the highly enriched Lewis rat CFU-s was calculated.

Because van Bekkum'’s studies [12] demonstrated different splenic homing
characteristics for rat and mouse CFU-s, it is interesting to note that the mouse
CFU-s population can be subdivided into 8-day Rhi23 bright, 12-day Rhi23 bright,
and 12-day RhI23 dull CFU-s subpopulations {14-16]. The mouse CFU-s subpopu-
lations are also phenotypically distinct [9, 17]. In the rat CFU-s assay, only 12-day
CFU-s is observed [13], and it is primarily, but not exclusively, an Rhi23 dull
CFU-s (Fig. 5). Efforts to demonstrate phenotypically distinct subpopulations
within the rat 12-day CFU-s population have not yet been successful [3]. There-
fore, there is the possibility (with the reservations noted in the last paragraph)
that the mouse CFU-s seeding efficiency is the average seeding efficiency of several
CFU-s subpopulations, some of which are not detected in the rat CFU-s assay.
Further, the mouse 12-day Rh123 dull CFU-s is Thy-1 dim [18]. wheat germ ag-
glutinin (WGA) very bright {10]. while the rat CFU-s is Thy-1 very bright {7].
WGA dim [19]. These differences in phenotype may account, in pari, for differ-
ences in the homing of rat and mouse CFU-s to the spleen.
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It might be questioned whether the rat CFU-s develops more slowly than the
mouse CFU-s, so that the rat 12-day CFU-s is more representative of the mouse
8-day CFU-s than the mouse 12-day CFU-s. Results to date do not support such
a concept. The rat 12-day CFU-s is primarily Rh123 dull, and like the mouse 12-day
CFU-s [20], appears to be relatively resistant to the cytotoxic compound
5-fluorouracil (studies in progress).

An alternative hypothesis would be that both the rat and mouse have the same
absolute number of CFU-s, but because the amount of rat marrow is ten times
greater than that found in the mouse, the concentration of rat marrow CFU-s is
tenfold Iess than that determined for the mouse. Such a hypothesis is contradicted
by the facts that A) the concentration of Thy-1-positive, lineage-negative cells
(phenotype of both rat and mouse CFU-s) in rat and mouse marrow is approxi-
mately the same, i.e., between 0.2 to 0.4% of the total marrow cellularity (1. 2,
9, 21]; B) one of seven of these mouse- or rat-enriched marrow cells are capable
of generating an in vitro CFC colony, and C) the amount of normal marrow or
Thy-1- positive, lineage-negative marrow required for a successful bone marrow
transplantation on a Kg body-weight basis is nearly identical for both rat and mouse
[2, 12, 21]. However, our preliminary work using irradiated long-term chimeric
rats to assay hematopoietic stem cells by the limiting dilution technique appears to
support the alternative hypothesis, as does the observation that the concentration of
rat marrow prothymocytes assayed by direct intrathymic injection—seeding effi-
ciency 30 to 100% (22, 23}—is approximately one-tenth of that found for mice [23].

The Ox72°, Ox22-, and W3/13* population is a slowly proliferating cell popu-
lation (20% in the S phase of cell cycle) as compared to the W3/13" population,
which has 56% of its cells in the S phase of cell cycle. This finding was consistent
with CFU-s having been characterized as non-proliferating cells [24]. The hemato-
logical function of the Ox72%, Ox22-, and W3/13" i, at the present time, not known.

The Ox72¢, Ox22-, and W3/13¢ cells were heterogeneous in their response to
elevation of cytosolic Ca** levels by ionomycin. CFU-s found within this limited
marrow population also share this trait as shown by sorting for CFU-s based on
their ionomycin-perturbed Indo-1 violet/blue fluorescence ratios. Efforts to relate
differences in intracellular Ca** management to CFU-s differentiation and/or
proliferation by challenge with ILs or CSFs were unsuccessful. This was unex-
pected, for the cells within the enriched CFU-s population can differentiate in
the thymus (unpublished results) into thymocytes and, in the in vitro CFC cul-
ture to myelocytes, suggesting these cells are multipotent.

The apparent conflict in the observations of a) a restricted rat CFU-s pheno-
type limited to less than 0.213% of the cells found within rat marrow and b) the
extreme physiological heterogeneity of cells within this subpopulation including
CFU-s, as shown by challenge with ionomycin and to a lesser extent by Rh123
uptake, cannot be considered proof of heterogeneity within the rat CFU-s com-
partment. As has been noted by Wilson et al. [25], flow cytometric analysis un-
derestimates intracellular Ca** levels of individual cells if cytosolic Ca** levels
are being generated by frequency modulation of the Ca** signaling system.
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Although we have no evidence that CFU-s are capable of supporting Ca** spiking
and prolonged Ca** oscillations, the postulated heterogeneity within the CFU-s
populations based on the results of cell sorting experiments using intracellular
fluorescent probes might be questioned. The CFU-s population is certainly an
oscillating system with regard to G,,, G, transition [26], and ATP production may
fluctuate between glycolysis and mitochondrial respiration [27, 28]. The interpre-
tation of flow cytometry, intracellular fluorescent probe studies is critically de-
pendent upon understanding the nature of the probe-cell interaction. One must
also consider that analysis of cellular physiology by flow cytometry is a one-time
point measurement made on individual cells. If these cells constitute a randomly
fluctuating cell population, the results might suggest greater heterogeneity within
the CFU-s population than that which actually exists {29].
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These experiments measured the cffect of v radiation on the
nuclear envelope using doxyl-fatty acid spin-label probes. Nu-
clei were isolated from cultured MOLT-4 cells. a radiation-sen-
sitive human T-cell lymphocyte. Membrane fluidity was mea-
sured from the electron paramagnetic resonance spectra of the
probes. MOLT-4 cells were grown under standard conditions,
and suspensions were exposed to *°Co v radiation at room tem-
perature. The spectra of S5-doxylstearic acid in the nuclei were
those of a strongly immobilized label. A difference in the mem-
brane fluidity was detected in a series of experiments comparing
labeled irradiated and nonirradiated nuclei. The change in fluid-
ity was measured by comparing the changes in the order parame-
ter. S, of the spin label in irradiated nuclei with those in control
nuclei. The change in the Sratio is dependent on radiation dose,
increasing with doses up to 15 Gy. The maximum change of the
order parameter with time after irradiation occurs 16-20 h after
radiation exposure. These observations are correlated with

changes in cell viabilities. < 1990 Academic Press, Inc.

INTRODUCTION

The nuclear envelope consists of a double-layer mem-
brane perforated by pore complexes and lined on its nu-
cleoplasmic surface by a protein scaffold consisting primar-
ily of the nuclear lamins A. B. and C (/. 2). The envelope
serves as a scmipermeable barrier between the cytoplasmic
and the nucleoplasmic spaces. regulating transport of mes-
senger RNA and other macromolecular trafhc through the
pore complex. Although the function of the lamins is not
yet understood. they appear to serve a structural role, sup-
porting the nuclear membrane (3) and providing attach-
ment sites for chromatin (4. 5). Alteration of the nuclear
envelope by radiation could severely affect the metabolic
and reproductive viability of the cell.

Many studies indicate that the nuclear envelope is sensi-
tive to radiation. The first morphological change observed
in the irradiated lymphocyte is a dilation and invagination

" Also at the Department of Chemistry, The Catholic University of
America. Washington, DC 20064,
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of the nuclear envelope (6). Sato ¢r al. (7) detected radia-
tion-induced changes in the negative charge on nuclear
membranes by measuring the electrophoretic mobility of
isolated nuclei. They showed that there is a good correlation
between the mobility of intact nuclei and the surviving frac-
tion of three cell lines.

Damage 1o the nuclear envelope is related to the survival
of the cell. Cole er ¢!, in a series of experiments beginning
in the 1970’s, showed that limiting radiation exposure to
the region of the nuclear envelope in intact cells can lead to
division delay and cell death (§-10). Schneiderman and
Hofer (/1) found that cells containing DNA labeled with
1251UdR during S phase did not experience enhanced divi-
sion delay. while cells with DNA labeled during late-S/G,
phase did. Chromatin is bound to the nuclear envelope dur-
ing G, phase but not during S phase. Therefore, 1onizations
that occur proximal to the nuclear envelope are more
harmful to the cell than those that do not.

The mechanism by which radiation damages the enve-
lope remains unclear, and the specific sites of damage are
unknown. In an effort to understand more about the effects
of radiation on the nuclear envelope, we used a fatty acid
spin-label probe to measure radiation-induced changes in
nuclear membrane fluidity. Our results show that y irradia-
tion results in increased nuclear membrane fluidity in
MOLT-4 cells in vivo. Nuclei punfied from the irradiated
cells exhibit changes in the electron paramagnetic reso-
nance (EPR) spectra of the spin-label probe 5-doxylstearic
acid that are related to radiation dose and time after irradia-
tion. This damage is correlated with cell viability.

MATERIALS AND METHODS

Cell culture

MOL.T-4 is a human leukemic T-lymphocyte cell line originally isolated
from a patient with acute lymphoblastic leukemia and previously charac-
terized as radiosensitive (/2) with a D, value of 0.49 Gy for X rays (/3).
Cells (ATCC CRL 1582) were grown in RPMI 1640 medium. supple-
mented with 10% heat-inactivated fetal calf serum (GIBCO Laboratories.
Grand Island. NY). penicillin (100 units/ml. GIBCO). and streptomycin
(100 ug/mi, GIBCO) in loosely capped plastic culture flasks at 37°C in an
atmosphere of 5% CO, in air. Subculturing the cells every 3-4 days main-
tained them in log-phase growth. Doubling time of the cells was 24-30 h.

Irradiation

Irradiation was performed at room temperature, using the Armed
Forces Radiobiology Research Institute’s Theratron *Co source at a dose

0033-7587/90 $3.00
Copynight © 1990 by Academic Press. Inc.
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rate of 0.85 Gy/min. Cells were irradiated as a suspension in growth me-
dium at a density of 0.5-1.0 x 10® cells/mi.

Nucler Purification and Spin-Labeling

Cells were removed from medium by centrifugation and washed twice
with nuclei buffer [NB: 10 mAf Trns-HCI. 2 mAf MgCl,. 140 mAf NaCl, 1
m.Y/ phenvimethylsulfony! fluornide (PMSF), pH 7.4). The washed pellet
was resuspended in hypotonic Hepes buffer (10 mAf Hepes. 2 mAf MgCl,.
1 m.Af PMSF) 10 a concentration of 1-3 x 107 cells/m! and allowed 1o swell
tor 12 min on ice. Cells were then homogenized by seven strokes in a
Dounce homogenizer (“"A™ pestle). The homogenate was centrifuged
(750g at 4°C for 7 min) to pellet the nuclear fraction. The pellet was
washed twice with NB before labeling with the spin-fabel probe. Nuclei
were labeled by adding S-doxyl stearic acid (Molecular Probes, Inc., Eu-
gene, OR: 10 ul 0f 2.3 X 10 * A solution in methanol) to | ml of the nuclei
suspension (0.5-1.0 x 10® nuclei). Methanol used to dissolve the spin fabei
had no effect on the EPR spectra of either control or irradiated nuclei. The
suspension was incubated for 10 min on ice. then centrifuged (13.000 rpm
in an Eppendort microcentrifuge for 7 s a1 4°C) to pellet the nuclei. which
were then washed once with NB and stored on ice until analyzed. The
single wash reduces handling steps vet is sufficient to remove all detectable
levels of free spin label.

Our experience indicated that the MOLT-4 nuclei tend to aggregate
duning punfication unless all steps are done gently, expeditiously. and on
1ce at all imes, using buffers containing PMSF.

Electron Paramagnetic Resonance

Immediately before obtaining a spectrum, the nuclei were resuspended
nto SO ul of NB. The suspension was aspirated ito a 50-ul disposable
micropipet that was then sealed and inserted into an EPR quartz tube
(two-thirds filled with ordinary household oil) located in the EPR cavity.
All EPR spectra were obtained at room temperature with the operation
parameters fixed for any given experiment. Typical settings on the spec-
trometer were: field set. 3380 G: scan range. [00 G: scan time, 8 min: time
constant, 0,128 s; modulatin amplitude. 2 G: and microwave power. 16
mW. The order parameter. S, of the strongly immobilized probe was calcu-
lated from these spectra using the equation: S~ (T-T')H(MT,, — a')/2).
where 27 is the outer hyperfine splitting. 277, is the inner hyperfine split-
ung. a' s (7 + 27 ,)/3 and the tensor 7, = 32 G {(14). Fig. 1].

Viabdiy Measurements

Cell viablity was assayed by tryvpan blue vital dve exclusion by adding
one part of 0.1% trypan blue in deionized water to three parts of the me-
dium containing the cells, After a S-min equilibration period. cells were
counted under an optical microscope. Cells taking up the dve were scored
as nonviable and expressed as a fraction of the total number of cells
counted.

Biochenucal Determinations

The plasma membrane marker enzyme S-nucleotidase was determined
by colonmetry at 660 nm by monitoring the production of inorganic phos-
phate resulting from the hydrolysis of adenosine monophosphate (Sigma
Dragnostics Procedure No. 675) (15).

Protein was determined using the Bio-Rad standard protein assay.

RESULTS

The nuclear isolation procedure used in these experi-
ments produces nuclei devoid of visible cellular debris (as
Jjudged by light microscopy). Because of concern that signifi-
cant contamination of the nuclei preparations by other cel-
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FIG. 1. EPR spectrum of nuclei incubated with S-doxyistearic acid.
The spectrum is typical of that of a membrane-bound spin-probe. § = (7,
= T/(T,, — a’)/2). where 27} is the outer hyperfine splitting. 27, is the
inner hyperfine sphtting. ¢’ is (7, + 27")/3. and the tensor 7,, - 32G (/4).
An increase in S indicates an increase in the fluidity of the membrane.

lular membranes could affect the interpretation of our data,
we analyzed the purity of our nuclei preparations by assay-
ing for the plasma membrane marker. 5-nucleotidase. Five
percent of the activity present in the whole cell remains in
the purified nuclei preparation. I addition. nuclei prepara-
tions from irradiated cells do not demonstrate any differ-
ence in contamination compared to controls. Two other
isolation techniques tested. using sucrose gradients. result
in somewhat less contamination of the nuclei. but produce
a greater tendency for the nuclei to aggregate despite the use
of different buffers designed to inhibit this phenomenon.
All isolation procedures tested. however, produced identi-
cal EPR spectra.

Figure 1 shows the first-derivative EPR spectra obtained
with the spin-label probe. S-doxyl stearic acid. in nuclei
from nonirradiated MOLT-4 ceils. The probe incorporates
into the lipid portion of the nuclear membrane and pro-
duces a spectrum typical of a membrane-immobilized spin-
label probe. The order parameter. S. is an empirical indica-
tor of the spin-label mobility in the membrane. An increase
in .S imphies a more fluid nuclear membrane lipid environ-
ment. In these experiments S was remarkably consistent in
control cells from preparation to preparation. Sixty inde-
pendent measurements of nuclei from nonirradiated cells
produced a value of 1.001 + 0.002 (mean + SEM). Greater
variability was observed in nuclei from irradiated cells
(Figs. 2 and 3).

The data in Fig. 2 demonstrate that fluidity of the nuclear
membrane increases with time after irradiation. No signifi-
cant change is observed until 15 h postirradiation: after that
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the membrane fluidity increases to the maximum observed
at 20-24 h.

Radiation dose also influences membrane fluidity (Fig.
3). Exposures as low as 1.25 Gy produce a significant in-
crease in the membrane fluidity compared with controls.
Increases in nuclear membrane fluidity are roughly propor-
tional to dose up to 7.5 Gy, with larger doses producing
smaller increases.

Measurements of the viability of irradiated cells indicate
that the number of cells scored as viable by their ability to
exclude trypan blue decreases with both radiation dose and
time after irradiation. Figure 4 shows that radiation doses
greater than 5 Gy reduce the number of viable cells mea-
sured 24 h postirradiation to a minimum. Figure 5 shows
that 5-7 h after exposure to 7.5 Gy, viability decreases
steadily until a minimum is observed at 24-30 h postirradia-
tion. Comparison of these viability curves with the increase
in membrane fluidity (Figs. 2 and 3) indicates an inverse
relationship between viability and fluidity.

DISCUSSION

Although many studies have provided indirect evidence
that the nuclear envelope is sensitive to radiation, few stud-
ies have identified specific alterations in the envelope that
occur as the result of radiation exposure. Sato e al. (7)
reported that radiation induces a net loss of negative surface
charge on nuclei from three cell lines. This change was
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shown to correlate with the ability of the cells to survive
radiation exposure.

Our experiments are the first to measure a change in the
membrane fluidity of the nuclear envelope of nuclei iso-
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FIG. 4. Viability of MOLT-4 cells assayed by trypan blue exclusion
after exposure to various radiation doses. Viability is expressed as the mean
+ SEM (three determinations) of the normalized fraction of irradiated
cells/control . :lls that exclude trypan blue.
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lated from irradiated cells compared with that from non-
irradiated cells. The change in fluidity increases with radia-
tion dose and time after wradiation, and is related to the
viability of the cells. The radiation doses required to pro-
duce the change in nuclear membrane fluidity and the time
course of the changes observed are similar to those reported
by Sato er al. Our qualitative observation that nuclei from
irradiated cells tend to aggregate in relation to radiation
dose also suggests that exposure to radiation produces
changes in the nuclear surface. The proteasc inhibitor
PMSF and cold temperatures greatly inhibit this effect, sug-
gesting that protease subsirates that are not exposed in nu-
clear envelopes of nonirradiated cells are exposed by radia-
tion.

Fluidity changes in the plasma membrane have been
shown to be associated with lipid peroxidation (/6. 17)and
alterations in the properties of membrane proteins (/8-20).
The role of either in radiation injury to the cell is still un-
clear [for reviews see (2], 22)]. Also. the radiation doses
used to produce detectable radiolvtic effects on the molecu-
lar components of membranes are often in the 10- to
1000-Gy range. far higher than the doses required to alter
fluidity in our experiments. This may imply that low levels
of lipid peroxidation or protein damage induce fluidity
changes in the nuclear envelope or that the irradiated nu-
clear membrane is altered by another mechanism.

The changes in nuclear membrane fluidity we observed
may arise from either alteration of the hpids themselves or
alterations to sulfhydryl groups or other amino acid resi-
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dues. leading to conformational changes in membrane pro-
teins that influence membrane lipid structure. Any such
fluidity changes could affect the viability of the cell. For
example, a radiation effect that changes the lipid environ-
ment of pore complex proteins or aiters the pore proteins
themselves could disrupt the bidirectional. transmembrane
traffic of proteins and mRNA. Radiation-induced alter-
ation of membrane lipids could affect the binding of nu-
clear membrane-bound proteins such as lamin B, which is
thought to mediate the attachment of chromatin to the nu-
clear envelope through lamins A and C (23).

Further study of radiation effects on nuclear membrane
fluidity could determine the primary site of radiation dam-
age. A more detailed characterization of the changes in lipid
flurdity in our system might use lipid spin probes with the
doxyl group located at different positions along the hydro-
carbon chain, which would allow measurement of mem-
brane fluidity at various depths within the lipid bilayer. The
effect of radiation on membrane proteins could be studied
by measuring changes in the mobility of probes bound to
those proteins.

Much evidence suggests that the nuclear envelope is a
target of radiation in the cell, the impairment of which af-
fects cell viability. We have demonstrated a radiation-in-
duced change in nuclear membranc lipid fluidity not
previously reported. The specific membrane alterations
producing this change remain unknown. Whether this is a
primary effect of radiation or a secondary expression of
damage awaits further study.
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Conductance and Passive Membrane Properties of Murine Macrophage J774.1 Cells
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Summary. The effects of adherence. cell morphology. and lipo-
polysaccharide on electrical membrane properties and on the
expression of the inwardly rectifving K conductance in J774.1
cells were investigated. Whole-cell inwardly rectifying K cur-
rents (K ). membrane capacitance (). and membrane potential
(V,) were measured using the patch-clamp techmque. Specific
K. conductance (6, . whole-cell K, conductance corrected for
leak and normahzed to membrane capacitance) was measured as
4 function of time after adherence. and was found to increase
almost twofold one day after plating. Membrane potential (17,)
absoincreased from 42 = 4dmVir 21to S8+ 2mVin = 47)
over the same time period. (6, and V', were correlated with each
other: ¢, (leak conductance normalized to membrane capaci-
tance) and V., were not. The magnitudes of G and V. 13 min to
2 hr after adherence were unaffected by the presence of 100 um
cycloheximide, but the increase in Gy and V) that normally
occurred between 2 and 8 hr after adherence was abolished by
cvelohevimide treatment. Membrane properties were analyzed
as a function of cell morphology. by dividing cells into three
categones ranging from small round cells 1o large. extremely
spread cells. The capacitance of spread cells increased more than
twofold within one day after adherence. which indicates that
spread cells inserted new membrane. Spread cells had more
negative resting membrane potentials than round cells. but Gy
and ¢, were not significantly different. Lipopolysaccharide-
(L.PS. 1 or 10 gg mb treated cells showed increased €, com-
pared to control cells plated tor comparable times. In contrast to
the effect of adherence. [.PS-treated cells exhibited a signifi-
cantly lower G than control cells. indicating that the additional
membrane did not have as high a density of functional Gy chan-
nels. We conclude that both adherence and 1.PS treatment in-
crease the total surface membrane area of 1774 cells and change
the density of K, channels. In addition. this study demonstrates
that membrane area and density of K, channels can vary indepen-
dently of one another.

Key Words potassium channel - macrophage - J774.1 cells -

hpopolysaccharide - adherence - ion transport

Introduction

A number of different K currents have been de-
scribed in macrophages or macrophage-like cell
lines (for review see Gallin & McKinney, 1989).

Several of these studies have shown that ionic cur-
rents change with the functional state of the cell. In
human peripheral blood monocytes, large conduc-
tance Ca-activated K channels appear in the plasma
membrane over a time course of 4-5 days as the
cells mature from monocytes into macrophages
(Gallin & McKinney. 1988). while different, smaller
conductance Ca-activated K channels are present
both shortly after isolation and after 4-5 days in
culture (Gallin, 1989). In addition. exposure of hu-
man monocytes to lipopolysaccharide (LPS). an
‘activating’ or “priming’ stimulus. increases the per-
centage of cells expressing a transient outward K
current (K,,) from 0 to approximately 30% (Jow &
Nelson. 1989). In the murine macrophage-like cell
line J774.1, a K, current is briefly expressed imme-
diately after cells become adherent, while an in-
wardly rectifying K current ( K,) increases in magni-
tude over a time course of approximately one day
(Gallin & Shechy, 1985). Adherent mouse perito-
neal macrophages also express a K, current after
five days in culture (Randriamampita & Trautrann,
1987), but do not appear to express this conduc-
tance before that time (Ypey & Clapham. 1984).
These studies demonstrate that the state of mat-
uration of the macrophage. as well as adherent cul-
ture conditions or exposure to LPS. can affect the
expression of K channels in macrophages. It is well
known that adherence induces functional changes
in macrophages that are associated with cell activa-
tion. (For a general discussion of macrophage acti-
vation see Cohn (1978) or Karnovsky and Lazdins
(1978).) These include increased synthesis or secre-
tion of various lymphokines (Fuhlbrigge et al.,
1987, Haskill et al.. 1988), and an increase in the
oxidative burst induced by phorbol myristate ace-
tate (PMA; Berton & Gordon, 1983; Kunkel & Du-
que, 1983). Other adherence-induced changes in-
clude an increase in resting membrane potential
(Sung et al.. 1985), increased amino acid transport
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(Pofit & Strauss, 1977), transiently increased levels
of IP, (Zabrenetzky & Gallin, 1988), development
of peroxidase activity within 2 hr post-adherence
(Bodel, Nichols, & Bainton, 1977), and expression
of several surface antigens that are not expressed in
cells in suspension (Triglia, Burns & Werkmeister,
1985; Midoux et al., 1989).

Exposure to LPS also induces a variety of
changes in macrophages and macrophage cell lines,
including increased spreading (Pabst & Johnston,
1980) and membrane ruffling of adherent cells
(Moriand & Kaplan. 1977), and stimulation of lym-
phokine synthesis and secretion (Zacharchuk et al.,
1983; Fuhlbrigge et al.. 1987). Most importantly,
LPS ‘primes’ the cell to respond to other stimuli
(Gordon, Unkeless & Cohn, 1974; Pabst, Hede-
gaard & Johnston, 1982). In J774.1 cells, LPS in-
hibits cell division (Ralph & Nakoinz. 1977
Kurland & Bockman, 1978; Okada et al., 1978) and
induces secretion of prostaglandin E (Kurland &
Bockman, 1978) and T-cell acuvating factors
(Okada et al., 1978).

The purpose of this study was to determine the
effects of both adherence and LPS on the expres-
sion of the inwardly rectifying K conductance and
on the electrical membrane properties (membrane
potential, V. leak resistance,. R, : and capacitance,
C,,) of the murine macrophage-like cell line J774.1.
While Gallin and Sheehy (1985) noted that the mag-
nitude of K, in J774.1 cells increased with time after
adherence, they did not determine whether the in-
creased current magnitude was due to an increase in
cell size, or whether current density (current/unit
membrane area) increased. This question was re-
solved in the present study by directly measuring
whole-cell inwardly rectifying K conductance and
normalizing this value to C,, to obtain specific K,
conductance (G ). Since membrane capacitance is
directly proportional to membrane area, these mea-
surements also yielded information about the effect
of adherence and LPS on the insertion of new mem-
brane by the cell. We also examined the effect of
cycloheximide. a protein synthesis inhibitor. on the
expression of Gk following adherence. since pro-
tein synthesis inhibitors have been shown to inter-
fere with the expression of other surface antigens in
the macrophage (Smith & Ault. 1981: Triglia et al..
1985). Finally. the expression of G as a function of
cell shape was characterized. to determine if Gy
was differentially expressed in very spread versus
nonspread cells.

Materials and Methods

Cert. CULTURE

J774.1 (J774A 1) cells were obtained from American Type Tissue
Culture (Rockville, MD) and maintained in suspension at 17°C
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for not more than 40 days. Cells were fed at least 12 hr prior to
plating for electrophysiological experiments. J774.1 cells have a
doubling time of <24 hr and were not synchronized with respect
to cell cycle. Whittaker RPMI1 1640 culture medium (Biopro-
ducts. Walkersville. MD) was supplemented with 5% fetal calf
serum. 4 mM glutamine, and 100 U/ml penicillin-streptomycin
(DIFCO). For recording. cells were placed on glass coverslips
and maintained in culture medium for varying times (minutes to
days). Prior to patch-clamp recordings. coverslips were mounted
in a plexiglass chamber in 300-400 ul of Na Hanks'. maintained
at room temperature (23 to 26°C). and the recording media
changed every 20 to 30 min. Coverslips were recorded from for
no more than 1 hr.

RECORDING METHODS

Recording methods were the same us those previously described
(McKinney & Gallin, 1988). Briefly. whole-cell current records
were obtained using a List (Darmstadt. FRG) EPC-7 patch
clamp. Voliage pulses were generated by computer and currents
were digitized. displayed. and analyzed using an Indec Labora-
tory Display System (Sunnyvale, CA). Patch electrodes of 3-8
M} resistance were made from hematocrit glass (#02-668-68,
Fisher Scientific. Pittsburgh. PA). Zero current potentials were
measured in current clamp mode immediately after attainment of
the whole-cell configuration, and cells were held within S mV of
this value.

ANALYTICAL METHODS

Whole-cell records were corrected for leak and capacity cur-
rents. Electrode capacitance was compensated while in the cell-
attached mode. Total membrane capacitance (C,,) was measured
in the whole-cell mode by integrating the capacity transient and
was then compensated electronically. Series resistance (R,) was
measured either directly from the EPC-7 after capacity transient
cancellation or by fitting a capacitance record with a mono-expo-
nental function to find 7 and calculating R, from the relationship
R, = 7/C. The average series resistance for 95 cells was 6.9 = 0.6
MI). Leak current was measured in one of two ways: by measur-
ing the current in the voftage range —45 to —32 mV where no
time-dependent current was present. or by measuring the current
al pegative voltages in the presence of 2 mMm barium, which
blocks all inwardly rectifying current and results in a linear /-V
relationship. Leak resistances (R, ) obtained using either method
were not significantly different from one another: R, = 2.7 + 0.3
GQ (1 = 89) in the absence of barium and R, = 3.0 = 0.3 G}
{n = 39) in the presence of barium. For purposes of comparison
to inwardly rectifying K conductance measurements. leak resis-
tance values were converted to units of conductance | R, (GS§)) =
1/G (nS)]. Specific leak conductance (G, ) was determined by
dividing the leak conductance by total membrane capacitance. As
in our previous study (McKinney & Gallin. 1988), for calcula-
tions of channel density (# channels/um’® of membrane). the
specific capacitance of the cell membrane was assumed to be |
uF/cm®. Values of surface area calculated using this value com-
pare well with values reported for mouse peritoneal macro-
phages obtained by stereologic analysis (Steinman. Brodie &
Cohn. 1976). Values of surface area obtained using either capaci-
tance measurements or stereologic techniques are two- to three-
fold larger than surface area measurements calculated from val-
ues of cell diameter (assuming a spherical cell shape). This is
because macrophages are irregularly shaped and can have con-
siderable membrane ruffling and infolding.
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Whole-cell conductance for inward current (K,) was mea-
sured in the following way. Peak current amplitude was mea-
sured at the beginning of a hyperpolarizing voltage step by eye
using a cursor. Current vs. voltage (/-V) curves were con-
structed and a straight line fitted to the data for steps between
-90 to - 160 mV to yield a conductance value. After subtraction
of leak conductance. values were normalized to membrane ca-
pacitance to yield a value for specific K, conductance Gy, .

In order to get an accurate sampling of whole-cell conduc-
tance values from the population of J774.1 cells. cells were not
excluded on the basis of low resting membrane potentials or
small inward current amplitudes. After verifying increased ca-
pacitance after rupture of the patch (the jowest value accepted
was 11 pF) and an acceptable series resistance value (not greater
than 20 MQ) for a particular recording. we included virtually all
cells that had stable membrane properties in the study.

YH-LEUCINE INCORPORATION

The effect of cycloheximide on protein synthesis was assayed by
measuring incorporation of ‘H-leucine into protein in the pres-
ence of varying concentrations of the protein synthesis inhibitor
cycloheximide (Sigma Chemical, St. Louis. MO). An ICq of
approximately | uM was observed: 100 um cycloheximide inhib-
ited greater than 90% of 'H-leucine incorporation in these cells.

SOLUTIONS

Cells were bathed in a Na Hanks" solution consisting of (in mM):
145 NaCl, 4.5 KCl1, 1.6 CaCl,. 1.1 MgCl,. 10 HEPES/NaOH
buffer. pH 7.3. The pipette contained (in mm): 145 KCI. 1 MgCl..
1.1 EGTA. 0.1 CaCl,. and 10 HEPES/KOH. pH 7.3. Free Ca in
this solution was less than 10 * M. Escherichia coli derived lipo-
polysaccharide (L.PS) was obtained from DIFCO Laboratories
(Detroit, M.

STATISTICAL METHODS

Unless otherwise stated. mean values were considered to be
significantly different from one another if P < 0.0S using a Stu-
dent’s 7 test. Linear regression analysis was carried out on a
VAX 11/750 using the RS{ statistical package (BBN Software
Products. Cambridge. MA). Two values were said to be correl-
ated if the R value of the slope of the line relating the two vari-
ables was significantly different from zero (P < 0.05). In some
cases. in order to analyze upward or downward trends in the data
with time, biweight regressions were done and slopes were com-
pared to zero. Slopes of control vs. test data were compared to
each other using a 1 test.

Results

MeMBRANE CAPACITANCE, SPECIFIC K,
CONDUCTANCE, AND MEMBRANE POTENTIAL
INCREASE WITH TIME AFTER ADHERENCE

Figure 1A shows an example of inwardly rectifying
K, currents recorded from J774.1 cells bathed in Na
Hanks, with the corresponding /-V relationship
shown in Fig. I1B. The K, current activates at —50
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Fig. 1. (A) Inwardly rectifying K current. Cell was held at -70
mV and 440 msec voltage puises applied in 10-mV increments.
Records have not been leak subtracted to show total current. (B)
Peak current-voltage plot for experiment shown in A

mV, and shows time-dependent inactivation below
about — 120 mV that is partially due to block by Na,
and partially due to inactivation of the current
(McKinney & Gallin, 1988). Properties of both the
whole-cell current and the single-channel events un-
derlying them have been described in detail else-
where (McKinney & Gallin, 1988). The K, current is
completely blocked by | mm barium and in >95% of
the recordings was the only time-dependent current
observable under these recording conditions.
Therefore, the leak-subtracted whole-cell conduc-
tance measured over negative voltages appears to
be due solely to the conductance of the K, current.
An inactivating outward K current (K,) was ob-
served in about 5% of cells, but it activated at po-
tentials above —40 mV (Gallin & Sheehy, [985).
and did not interfere with measurements of the in-
vaardly rectifying current. Randriamampita and
Trautmann (1987) have reported the existence of a
linear Ca-dependent K current in J774 cells which is
apparent only when intracellular calcium is buffered
at 1 uM. In our experiments, [Ca]; was buffered at
10-* M and so this current was not observed.

In order to study how the K, conductance and
other membrane properties change after adherence,
whole-cell recordings were obtained at varying
times after plating. Values for C,,. Gk . V... and G;
are plotted in the form of bar graphs showing the
mean * SEM as a function of time after adherence
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Fig. 2. Plots of (A) C,, (B) G,. (C) V,,. and (D) G, vs. ime after
adherence. Values plotted are means * SEM. Asterisk (%) indi-
cates values which are significantly different from values at 0-1
hr. Numbers within the bar. for these and all subsequent graphs.
indicate number of cells studied

(Fig. 2). Cells were grouped into four time periods:
0-1 hr (to follow changes in membrane properties at
early times after adherence). 1-2, 2-9, and >18 hr.
It should be noted that the earliest time point at
which recordings were made was approximately 15
min after adherence, and no recordings were made
at times longer than about 36 hr after adherence.
Significant changes in membrane properties
were noted following adherence. Membrane capaci-
tance increased significantly with time after plating
(Fig. 2A) from 30 = 2 pF to 43 * 3 pF. Assuming
that 1 ¢m?® of membrane has a capacitance of | uF,
the average membrane area of the cells increased by
about 40%. Thus, the morphological changes which
J774.1 cells undergo after adherence do not merely
represent shape changes but reflect a net insertion
of additional membrane. Gy increased almost two-
fold over 18 hr (Fig. 2B), from 0.16 *+ 0.02 nS/pF to
0.27 = 0.02 nS/pF. Since this value is normalized to
membrane area, the increase in G, was not due to
the increased membrane area of the cells. Our sin-
gle-channel data indicate that the conductance of
single inwardly rectifying channels does not change
after adherence (data not shown). Therefore. the
increase in G represents an increase in the density
of K, channels in the membrane over this time pe-
riod from 44 channels/pF (0.44 channels/um?) to 75
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channels/pF (0.75 channels/um?). These data were
supported by direct observations of K, channel ac-
tivity in cell-attached patches (McKinney & Gallin,
1988). Membrane patches from freshly plated cells
usually contained few (0-3) channels. while mem-
brane patches from cells adherent for one day usu-
ally contained many (2-6) channels. Since both
channel density and membrane area increased with
time after adherence. the average number of chan-
nels per cell increased from 1,320 to 3,225 over 18
hr.

During the 18-hr period following adherence.
the average V,, of the cells increased from —42 = 4
mV to —58 * 2 mV (Fig. 2C). The increase in mem-
brane potential could be due to an increase in G or
could also be due to a concomitant decrease in G;.
However, as shown in Fig. 2D, G; did not change
significantly with time after adherence. indicating
that the cells maintained a rather constant leak con-
ductance over the time that C,. V,,. and Gk were
increasing.

SeeciFIC K, CONDUCTANCE AND MEMBRANE
POTENTIAL ARE CORRELATED

Figure 3 shows the relationship between Gk, and
resting V,,. (Note: resting V,, is actually determined
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Table 1. Effect of cycloheximide on membrane properties of J774.1 cells

Time after Gy, (nS/pF) G, (nS/pF) vV, (mV) C.. (pF)
adherence
thr)
Control 0-2 0.16 = 0.02(35) 0.02 = 0.003(36) -—42 x 3(42) 31 +2(4)
Cycloheximide-
treated 0-2 025=0.04 (7) 0.03x0006 (8) ~-SI=6(10) 35=4(0)
Control 2-9 0232005 (9 0020004 (99 -55=8 (9 407 (9
Cycloheximide-
treated 2-8 0.14 = 0.04 (14) 30 =205

0.03 £ 0.006 (15) —54 = 5(15)

Note that cells were exposed to cycloheximide for 1 hr prior to plating. as well as during plating.

by steady state, not peak K conductance. However,
over the voltage range of —50 to —110 mV, peak
and steady-state conductance are equivalent.) Data
are from cells plated at all times. Between —84 and
—-40 mV there was a positive correlation between
Gy and resting V,,,. That is, over the range at which
the inwardly rectifying K conductance is activated,
cells which had higher conductance to K; also had a
more negative resting membrane potential. In con-
trast, there was no correlation between G and V,,
for voltages positive to ~40 mV. In addition, there
was no correlation between V,, and G; over any
voltage range. This result indicates that cells which
had low resting membrane potentials were not de-
polarized merely because they were ‘leakier’. Like-
wise, there was no correlation between G and G ;
cells with a low specific K; conductance were not
necessarily those with a large leak conductance.
Thus, it is likely that the increase in resting V,, ob-
served over the first 24 hr of adherence is a function
of the increased conductance to K,, and not a func-
tion of a change in G;.

INITIAL EXPRESSION OF G Is NOT INHIBITED
BY CYCLOHEXIMIDE

To determine (/) whether the observed increase in
the density of K, channels after adherence de-
pended on protein synthesis and (i/) whether inhibi-
tion of protein synthesis before cells were allowed
to become adherent would interrupt the initial ex-
pression of K;, Gk was measured in cells treated
with the protein synthesis inhibitor cycloheximide,
which was shown to inhibit *H-leucine incorpora-
tion in these cells (see Materials and Methods).
Cells were exposed to cycloheximide (100 um) for 1
hr prior to plating, plated in the presence of cyclo-
heximide, and Gy was measured at various times
after plating. Cells treated with cycloheximide were
able to adhere and spread similar to untreated cells,
and the general morphology appeared normal.
However, Gigaohm seals were considerably less
stable, which made recording from the cells for an

extended period of time difficult. Values for G .
G, V,, and C,, are given in Table 1. grouped into
two time periods: 0-2 and 2-8 hr after adherence.
Because prolonged incubation in cycloheximide
may affect cell viability, the conductance of cells
which had been plated in cycloheximide for more
than 8 hr was not measured. Cycloheximide did not
inhibit the initial expression of inward current. Av-
erage Gy 0-2 hr after adherence was not signifi-
cantly different from the average Gy value for un-
treated cells plated for the same amount of time.
Values for G,. V,, and C,, were also not different
from controls. However, with time after adherence.
cycloheximide did inhibit the increase in Gk and V,,
normally observed in control cells. While control
cells increased their mean Gy, from 0.16 to 0.23
nS/pF 2-9 hr after adherence. the mean Gy of cy-
cloheximide-treated cells decreased from 0.25 to
0.14 nS/pF. When Gk values were plotted vs. time
for cycloheximide-treated cells. the slope of the line
was found to decline significantly (Fig. 4). Cyclo-
heximide-treated cells did not show a significant
trend to more negative resting membrane potentials
with time after adherence. nor was there a signifi-
cant trend toward increased membrane capacitance
as was shown by control cells. G; of cyclohexi-
mide-treated cells was unchanged after adherence.
These data indicate that cycloheximide does not in-
terfere with the initial expression of the inwardly
rectifying K conductance, but does inhibit the upre-
gulation of K channels and the insertion of new
membrane which occurs following adherence.

DiIFFerReNT MorPHOLOGICAL GROUPS HAVE
DIFFERENT MEMBRANE PROPERTIES

Adherent J774.1 cells exist in a variety of shapes
and sizes that may reflect different functional
states. For instance, cells undergoing cell division
become rounded while migrating cells have a polar-
ized appearance. with a leading and trailing edge.
Other cells exhibit a very flattened appearance al-
most immediately after adherence. In order to de-
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Fig. 4. Plot of G, vs. time after adherence for cycloheximide-
treated cells. Solid line is a linear biweight fit to the data. Its
slope is significantly different from zero. Note that cells were
exposed to cycloheximide 1 hr prior to plating. as well as during
plating

termine whether celis of different morphologies had
different membrane properties, cells were divided
into three groups according to shape (see photo-
graph, Fig. 5): group #/, small round cells without
visible processes, mean capacitance 27 = 3 pF
(n = 20), average diameter 22 um; group #2: some-
what spread or polarized cells, some with visible
processes, mean capacitance 36 = 2 pF (n = 40),
average dimensions 37 X 28 um; and group #3:
extremely spread cells, mean capacitance 45 *+ 4 pF
(n = 36), average dimensions 50 X 42 um. V,,, C,,.
Gk, . and G, for each morphological category were
determined for two time periods: 0-2 and >18 hr
after adherence (Fig. 6). Examining the data in this
way revealed some interesting differences between
cell types that were not apparent when the data
from all cells were pooled (as in Fig. 2).

Values for V,,. C,. Gk and G| were not signifi-
cantly different between groups / and 2 at either 0-
2 hr or >18 after adherence. Thus, for clarity. only
data from groups / and 3 are shown in Fig. 6. Very
spread cells were different from round cells in sev-
eral respects. They were significantly more hyper-
polarized than round cells at either 0-2 or > 18 hr
following adherence (Fig. 6A). Also, one day after
adherence, spread cells had much larger membrane
capacitance than round cells (Fig. 6B). Both round
and spread cells still showed a positive correlation
between V,, and Gk,. However, Gy, (Fig. 6C) and
G, (Fig. 6D) were not significantly different be-
tween groups / and 3 compared at the same time
period (0-2 or >18 hr).

L.C. McKinney and E_K. Gallin: K Conductance in 1774.1 Cells

Fig. 5. Photograph of adherent J774.1 cells showing different
morphofogical categories. Bar: 20 um

We also examined how membrane properties
changed with time after adherence for each group.
First, only the very spread cells showed a signifi-
cant (almost twofold) increase in membrane capaci-
tance over 18 hr (Fig. 6B). Thus. most of the previ-
ously observed increase in membrane area which
occurs after adherence (see Fig. 2A) can be attrib-
uted to the increased membrane area of very spread
cells. Second, membrane potential significantly in-
creased with time after adherence for both groups
of cells (Fig. 6A4). Round cells showed the largest
increase in V,,,, and also showed the largest increase
in Gk, 18 hr after adherence (Fig. 6C). Spread cells
showed a smaller increase in V,,. and a correspond-
ingly smaller increase in Gk . G, values did not
change after adherence for either round or spread
cells (Fig. 6D). We conclude that very spread cells
behave differently from round cells after adherence;
they insert more membrane but do not significantly
increase K; current density after adherence.

LPS-TREATED CELLS HAVE DIFFERENT
MEMBRANE PROPERTIES

The effect of LPS on membrane properties of J774.1
cells was examined by incubating cells in suspen-
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Table 2. Effect of LPS on membrane properties of J774.1 cells
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Time after Gy, (nS/pF) G, (nS/pF) vV, (mV) C., (pF)
adherence
(hr)
Control 0-2 0.16 = 0.02 (35)  0.02 = 0.003 (36) -42 * 3(42) 31 =2 (42
LPS-treated 0-2 “0.09 = 0.02(13)  0.02 = 0.007 (14) -37 = 5(16) 42+ 5 A7)
Control >R "0.27 = 0.02(44)  0.02 = 0.004 (44) “-58 = 2 (47 P43 = 3 (47)
>18 P62 = 4(10)  “h68 = 10 (10)

LPS-treated 4r.1S = 0.02 (8)

0.02 = 0.006 (9)

* Significantly different from control cells at the same time period.

¢ Significantly different {rom the value at 0-2 hr.

Note that cells were exposed to LLPS one day prior to plating, as well as during plating.

sion with 1 or 10 ug/ml of LPS overnight and then
plating cells for various times in the presence of
LPS. Values for Gk, G, . V,, and capacitance are
given in Table 2, grouped into two time periods, 0-2
and 18 hr after adherence. Data were not separated
into different morphological categories; LPS-
treated cells were of all three groups but primarily
of group #2. For a given time period after adher-
ence, V,, and G, values were comparable to those of
control cells, but Gk values were significantly
lower. However. G and V,, were still correlated;
G, and V,, were not. Membrane capacitance was
larger, indicating that LPS-treated cells have a
larger membrane surface area. Thus, activation of
gells by LPS resulted in the insertion of new mem-
brane, but did not result in increased density of K
channels. Membrane properties of LPS-treated
cells showed changes with time after adherence in a
manner similar to control cells. Gk, V,, and C,, all
increased significantly one day after adherence. as
they did for untreated cells, while G, was un-
changed.

Discussion

This study demonstrates that membrane properties
of J774. cells vary with time after adherence, cell
morphology, and after exposure to LPS. Values for
membrane capacitance (C,,), membrane potential
{V..). and specific K conductance (Gx ) were signifi-
cantly increased 18 hr after adherence. As shown in
Fig. 1, these trends were evident at times earlier
than 18 hr post-adherence, even though statistically
significant differences between mean values were
not yet demonstrable. As a point of comparison,
previous studies in T cells demonstrated that stimu-
lation with the mitogens phorbol myristate acetate
or concanavalin A caused an increase in K channel
density over a time course of about one day
(Deutsch, Krause & Lee. 1986; DeCoursey et al.,
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Fig. 6. (A) V. (B) C,.. (() Gy, and (D) G, with time after adher-
ence for round (group /) and spread (group 3) cells. Mean values
were compared at 0-2 and >18 hr for each group. *Indicates
values that are significantly different from values from the same
group at 0-2 hr. *Indicates values that are significantly different
from values of group / at the same time period

1987). The increase in channel density occurred
over the same time course as the increase in protein
synthesis induced by mitogen.

The observed increase in membrane capaci-
tance after plating provides the first evidence that
J774.1 cells actively increase their membrane area
following adherence. We found that very spread
cells showed the largest increase in membrane area
following adherence (>twofold), while small round
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cells showed very little change. This does not imply
that the membrane of smaller cells is unchanging,
however. It has been shown that mouse peritoneal
macrophages can pinocytose their plasma mem-
brane at high rates (3.1%/min; Steinman, Brodie &
Cohn, 1976). Membrane area is undoubtedly regu-
lated by a balance between insertion and retrieval
processes, either of which could be altered foliow-
ing adherence. It should also be noted that small
and large cells do not necessarily represent two dif-
ferent subpopulations of cells. The J774 cell line is
continuously dividing, and morphology may vary
with cell cycle. For example, it is generally known
that cells ‘round up’ during mitosis. The variability
of membrane properties with cell cycle was not ad-
dressed here, although it is an interesting question
that bears further study.

Membrane potential also increased with time
after adherence, from —42 to —58 mV. Our results
are consistent with those of Sung et al. (1985) who
used 3H-tetraphenylphosphonium to measure the
membrane potential of J774 cells and found that it
increased from about —35to —70 mV between 1 and
8 hr after plating. It is unclear whether there is a
significant increase in membrane potential between
0 and 1 hr after plating. Membrane potential values
of suspended J774 cells, acquired using indirect
probes, have been reported to be —~15 mV (Sung et
al., 1985), —25 mV (J774.2 cells; Ehrenberg et al.,
1988), and —36 mV (J774.2 cells; McCaig & Berlin,
1983), and represent the average V,, of a large popu-
lation of cells. The latter value is not very different
from the average V,, determined in this paper for
adherent cells (—42 mV) shortly after plating. Given
the variability in the V,, values reported for sus-
pended cells, and the unavoidable delays in measur-
ing V,, after adherence, this study could not resolve
whether or not there is a significant hyperpolariza-
tion of J774 cells immediately after plating. How-
ever, it does demonstrate that membrane potential
was positively correlated with G, that is, cells
with larger Gk were more negative. Gy, increased
significantly with time after adherence, while G, did
not. We have no evidence that any other conduc-
tance was modulated following adherence. Thus, it
is likely that the increase in Gk, accounts for the
observed increase in V,,. We cannot exclude the
possibility that part of the hyperpolarization follow-
ing adherence is due to an increase in the activity of
an electrogenic Na*/K* pump, which is known to
contribute —7 and ~ 11 mV to the resting membrane
potential of mouse spleen macrophages (Gallin &
Livengood, 1983) and human monocytes (Ince et
al., 1987), respectively. Increased pump activity
might also lead to changes in [K]; and thus Ex. Our
value of Ex is derived from measurements of [K]; in
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suspended J774 celis (Melmed, Karanian & Berlin,
1981; Sung et al., 1985), and is approximately —90
mV. However, even if resting V,, was determined
solely by Eg, [K]; would have to double to shift Ey
sufficiently to account for the observed increase in
V-
It is important to note that, although Gk and V,,
are positively correlated in J774 cells under a wide
variety of conditions, the fact that resting V,, is con-
siderably more positive than our assumed valued
for Ex indicates the presence of a depolarizing con-
ductance, such as sodium (Ey, = +70 mV, Sung et
al., 1985) or chloride (Eq, = —23 mV, Melmed et
al., 1981). In our previous studies of J774 cells (Gal-
lin & Sheehy, 1985; Gallin & McKinney, 1988),
where more negative resting V,, values were re-
ported (—70 to —80 mV), the contribution of other
conductances to resting V,, was probably underesti-
mated. This was because we tended to record from
larger, more spread cells, and to assume that more
positive resting V,, values were due to cell damage.
Although we do not know what the ionic composi-
tion of the leak conductance is at this time, further
dissection of this current may explain why the rest-
ing V,, is more positive than Ey.

Protein synthesis inhibitors have been shown to
block the adherence-induced expression of the sur-
face antigen FMC17 (recently classified as CDI14;
Triglia et al., 1985) and the transient increase in the
surface expression of la-antigen in human mono-
cytes that occurs during the first 12 hr in culture
(Smith & Ault, 1981). In our studies, the protein
synthesis inhibitor cycloheximide did not block the
initial (0 to 2 hr) expression of Gy in adherent celis,
but did inhibit the subsequent increase in channel
density that occurred 2 to 8 hr after adherence.
Increases in V,, and C,, were also inhibited. Be-
cause we did not record from cells which had been
plated in cycloheximide for >8 hr, it was not possi-
ble to evaluate whether or not the increase in Gy,
which had occurred by one day after adherence re-
quires further protein synthesis. In addition. be-
cause the time course of expression of Gk in J774.1
cells was similar to the time course of expression of
the FMC17 antigen in human monocytes, we tested
the effect of an antibody to the FMC17 antigen on
Gx. However, no effects on whole-cell or single-
channel K, currents were observed.

Since ‘primed’ or ‘activated’ macrophages of-
ten exhibit increased spreading on surfaces (Pabst
& Johnson, 1980) and since the degree of sp.cading
in adherent J774.1 cells varied tremendously. it was
also relevant to determine whether the membrane
properties of very spread cells were different from
those of nonspread cells. Spread cells had more
negative resting membrane potentials than round
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cells. both initially and one day after plating. Differ-
ences were also noted for the two groups of cells in
their patterns of change after adherence. Only
rounded cells increased G after adherence, and
only spread cells increased capacitance. Thus. very
spread cells inserted additional membrane arca with
time after adherence. but the increase in membrane
arca was not assoctated with a large increase in K,
channel density. The fact that G and capacitance
varied independently of one another indicates that
the increase in membrane area and expression of
inwardly rectifying K channels were not necessarily
linked. Final K, channel density is determined by a
balance between channel insertion or activation and
channel internalization or inactivation. Our data do
not differentiate between any of these processes.

The finding that spread cells did not show an
increased density of K, channels after adherence
was consistent with the observation that exposing
cells to LPS (which also increases cell spreading)
did not increase the density of K, channels. In
fact. LPS-treated cells had significantly lower Gy
values than control cells plated for comparable
times. This is due in part to the increased capaci-
tance of LPS-treated cells compared to controls. a
result of the fact that LPS-treated cells are still
growing, even though cell division has ceased.

Although the density of K; channels in LPS-
treated cells was lower than in control cells. resting
V,. values were comparable. Clearly. there must be
other differences between the two groups of cells to
account for this result. Possible explanations are
that L.PS-treated cells have (i) a higher K permea-
bility ratio (ii) a more negative Ex and/or (iii) in-
creased electrogenic pump activity. However. like
control cells, there was still a clear correlation be-
tween G and V,,, in LPS-treated cells. Also. LPS-
treated cells exhibited the same increase in K; chan-
nel density. resting V., and capacitance tfollowing
adhcrence as control cells did. Finally, in human
monocytes. LLPS has been reported to increase the
percentage of cells expressing the transient outward
K current (Jow & Nelson. 1989). In our studies. the
K., current was present in about 5% of the cells, but
its expression was not increased by LPS.

In summary. thc membrane properties of J774.1
cells change significantly after adherence. after ex-
posure to LPS. and with cell morphology. Adher-
ence s specifically correlated with increased K,
channel density, but only for rounded and not for
spread cells. Spread cells rapidly increased their
membrane arca after adherence. but did not con-
comitantly increase K, channel density. J774.1 cells
treated for 24 hr with LPS were similar to spread
cells in that they had increased capacitance but not
increcased K, channel density compared to controls.

AN
Gy was positively correlated with V,, in both con-
trol and LPS-treated cells. Thus. the increase in G
after adherence can account for the hyperpolariza-
tion which J774.1 cells undergo after plating. and an
increase in surface membrane area Is not necessar-
ily linked to an increase in K, channel density.
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Activation of the formy] peptide chemoattractant receptor (FPCR) of phagocytic cells mobilizes intracellular calcium stores and affects the plasma
membrane potential. Affinity crosslinking of FPCR has demonstrated a 6080 kDa glycaprotein, with core peptide of 32 kDa. It is not known
whether functional FPCR is this single peptide or requires muitiple subunits. We used Xenopus oocyte expression system to determine the size
of mRNA required for synthesis of functional FPCR. Injection of oocytes with poly(A)* RNA from HL60 cells differentiated to the granulocyte
phenotype resulted in acquisition of formy] peptide-specific responses (inward transmembrane current with a reversal potential consistent with a
chloride conductance, and calcium efflux). FPCR activity expressed in oocytes had a ligand concentration dependence, ligand structure dependence
and pertussis toxin sensitivity similar to those reported in phagocytic cells. When RNA was size fractionated, a single peak of FPCR activity at
2 kilobases was observed after injection of mRNA into oocytes. Our data strongly suggest that FPCR is composed of a single-sized polypeptide.

Signal transduction; Chemoattractant receptor; Xenopus oocytes, Messenger ribonucleic acid; (HL60 cell)

1. INTRODUCTION

The migration of phagocytic cells from the blood to
sites of infection is an essential component of host
defense. This response is mediated by a number of
chemoattractants including the bacterially derived for-
my! peptides which activate cell surface receptors that
are functionally coupled to a guanine nucleotide bin-
ding regulatory protein (G-protein) [1]. Affinity labell-
ing of the formyl peptide chemoattractant receptor
(FPCR) vields a single-sized glycoprotein with relative
molecular mass of 60—80 kDa. The unglycosylated core
peptide is 32 kDa [2]. It is not known whether func-
tional FPCR consists of this single affinity labelled pep-
tide or requires additional subunits for activity.

The Xenopus oocyte protein expression system can
be used to study heterologous G-protein coupled recep-
tors [3,4]. We show that a phagocytic cell chemoattrac-
tant receptor, the FPCR, can be expressed in a
functionally active form in Xenopus oocytes following
injection of human myeloid cell RNA. Analysis of size
fractionated RNA shows that the FPCR is encoded by

Correspondence address: P.M. Murphy, Bldg 10, Room 1IN 110,
NiH, Bethesda, MD 20892, USA

Abbreviations: cpm, counts per minute; kb, kilobases or 1000 base
pairs; kDa, kilodaltons; mRNA, messenger ribonucleic acid; rpm,
revolutions per minute
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a single 2 kb size class of mRNA, indicating that func-
tional receptor likely is composed of only a single
polypeptide chain.

2. MATERIALS AND METHODS

2.1. Reagents

Dibutyryl cyclic AMP, N-formy! methionyl-leucyl-phenylalanine
(fMLP), N-formyl norleucyl-leucyl-phenylalanyl-norleucyl-tyrosyl-
lysine (f-Nle-Leu-Phe-Nle-Tyr-Lys), methionyl-leucyl-phenylalanine
(MLP), 1-butoxycarbonyl-phenylalanine-leucine-phenylalanine-
leucine-phenylalanine (1-Boc-Phe-Leu-Phe-Leu-Phe) and
phenylalanine-leucine-glutamic acid-glutamic acid-valine (Phe-Leu-
Glu-Glu-Val) were from Sigma, St. Louis, MO. *“*CaCl, was from
New England Nuclear, Boston, MA. Pertussis toxin was a gift from
Dr Munoz of the Rocky Mountain Research Laboratories of NIAID.

2.2. Preparation of polyadenylated RNA

HL60 cells were expanded and differentiated with 0.5 mM
dibutyryl cyclic AMP and tested for expression of FPCR as described
[2}. Differentiated but not undifferentiated HL60 cell membranes
contained FPCR. Polyadenylated RNA was prepared by published
methods [5].

2.3. Fractionation of mRNA

Poly(A)* RNA (500 ug) from differentiated HL60 cells was cen-
trifuged on a 5-30% sucrose gradient formed in STE buffer (STE =
10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.4) in an SW4] rotor
(Beckman, Fullerion, CA) at 25000 rpm for 14 h at 4°C. Fractions
1-7 and 26-34 were 400 4] each; fractions 8-25 were 250 4! each.
The RNA concentration was measured on an ethidium bromide-
impregnated agarose plate containing serial dilutions of a standard
RNA solution. RNA was then precipitated with ethanol and dissolved

353




Volume 261, number 2

in water at 1 ng/nl. Blot hybridization of 200 ng of RNA from each
fraction was performed using *3P-labelled cDNA probes that
recognize single transcripts from differentiated HL60 cells: PM1 is a
1.2 kb cDNA that recognizes a 1.2 kb transcript (Murphy and
Malech, manuscript submitied). H64 (provided by Stuart Orkin) is a
2.5 kb restriction fragment of the cytochrome bsss large subunit
¢DNA that recognizes a 4.5 kb transcript [6].

2.4. Whole cell current measurements

The maintenance of Xenopus laevis (Nasco, Fort Atkinson, WI)
and the harvesting and microinjection of oocytes were as previously
described [4). Oocytes were injected 1 day after harvesting. In-
dividual oocytes were voltage clamped with an Axoclamp-2 amplifier
(Axon, Burlingame, CA) using a standard two-electrode voltage
clamp configuration. Electrodes were filled with 3 M KCl and had
resistances of 5-15 Mf2. Unless otherwise noted, oocytes were
clamped at the resting membrane potential, which ranged from -55
to —75 mV. Current-voltage (1-V) relationships were obtained using
3 s voltage steps to varying potentials.

2.5. Calcium efflux assay

This assay was performed essentially as described (4]. Preliminary
studies indicated that >90% of stimulated “*Ca®* efflux occurred
within 15 min of exposure to ligand. The ligand dependent response
is reported as the mean + SE of cither the net **Ca’* efflux,
calculated as the difference between the cpm detected in the 15 min
stimulated extracellular fluid and the cpm detected in the final wash
before addition of ligand, or as % of control, calculated as 100 x
(15 min stimulated fluid cpm -+ final wash cpm). Both treatments of
the data gave similar results in all cases. Residual **Ca** was counted
in oocyte lysates after the stimulated extracellular fluid had been
removed.

3. RESULT{S

Fig.1 shows a representative voltage clamp analysis
of oocytes injected with RNA or water, and stimulated
with fMLP, control peptides or stock diluent DMSO.
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Fig.2. Current-voltage relationships obtained before (open circle,

solid line) and during (open square, broken line) exposure to 10"® M

fMLP from an oocyte injected with differentiated HL60 cell RNA.

Data are from the oocyte in fig.1C and are representative of §
separate experiments.

When stimulated with fMLP, 15 of 16 oocytes injected
with 50 ng of differentiated HL60 cell RNA 4 or more
days prior to recording displayed an inward current
response that oscillated initially and returned to
baseline levels after washing the oocyte with media.
The magnitude of the response for oocytes injected
with 50 ng of poly(A)* RNA and stimulated with 10~’

A.  fMLP fMLP B. fMLP
| | |
J10nA _J10na
15 sec 15 sec
C.
DMSO Wash
- l 1 o PLGGV
_J5nA L
15 sec l fMLP
. fMLP |
min | ! I
o _J5 na Wash Stop
| 15 sec Wash _J20 nA
25 - 1 min
min  Wash Stop‘w”h
R _J10nA
/ 30 sec

Fig.1. Acquired FPCR induced whole cell currents in Xenopus oocytes. Oocytes were injected with: (A) 50 nl of water (holding potential (Vy) =

-75 mV). Arrows indicate the times of addition of 107¢ M fMLP; (B) 50 ng of poly(A)* RNA from undifferentiated HL60 cells (Vi = ~56 mV).

10-* M fMLP was added at arrow; (C) 30 ng of poly(A)* RNA from differentiated HL60 cells (¥ = —65 mV). DMSO 0.01% and 10"* M fMLP

were added where indicated. Current responses to voltage steps used to measure I-V relationships before and after addition of fMLP are shown;

(D) 50 ng of fraction 12 (see fig.3) poly(A)" RNA from differentiated HL60 cells (V) = —60 mV). Phe-Leu-Glu-Glu-Val (PLGGV) and fMLP
were added at 3 x 10”7 M. Downward deflection indicates inward current,
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or 10°°M fMLP ranged from § to 50 nA. This
response was not present in oocytes injected with water
or with 50 ng of undifferentiated HL60 cell RNA, nor
was it present with DMSO or with non-formylated pep-
tides as stimuli. N-formylation of peptides is a struc-
tural requirement for activation of the FPCR [7].
The I-V relationship of the fMLP-stimulated
response in an oocyte injected with differentiated HL60
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Fig.3. Size estimation of the mRNA encoding the FPCR electrogenic
activity. (A) Structural integrity of sucrose gradient fractionated
RNA. Poly(A)* RNA was electrophoresed on an ethidium bromide
stained denaturing agarose gel. (B) FPCR activity of RNA fractions.
Oocytes were injected with 50 ng of RNA from the indicated
fractions and 4 days later were voliage clamped at —60 mV and
tested with 10°*M fMLP. Data are representative of 2 separate
experiments and are expressed as the mean maximal current + SE of
3-4 oocytes except for fractions 11 and 18 which were the mean of
2 oocytes. Fractions §, 6, 21-31 contained no activity. (C) Sucrose
gradient resolution of RNA by size. The abundance in each fraction
of 2 defined transcripts from HL60 cells was determined by blot
hybridization. Densitometric analysis of the autoradiographs is
indicated in relative absorbance units.
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poly(A)* RNA is shown in fig.2. The point of intersec-
tion of the two I-V curves generated before and during
stimulation is the reversal potential (Ex) for the fMLP-
induced current response. The average Ex for 5 dif-
ferent oocytes was —35 + 4 mV, similar to the Nernst
potential for chloride and is therefore most consistent
with the activation of a chloride conductance [8].
Differentiated HL60 cell poly(A)* RNA was frac-
tionated by size on a 5-30% sucrose gradient. The
average size of RNA in these fractions increased pro-
gressively in each fraction indicating that it was struc-
turally intact (fig.3A). Moreover, the RNA could be
translated by reticulocyte lysate (not shown). Fig.3B
shows that peak FPCR activity measured elec-
trophysiologically in oocytes injected with RNA was
confined to a single peak at fraction 11. The peak posi-
tions in the gradient fractionated RNA of HL60 cell
transcripts of known size were established by blot
hybridization with 2 cDNA probes described in section
2. Based on the position of FPCR activity peak relative
to the physically defined size standards, we estimate the
size of the RNA encoding FPCR activity to be 2 kb.
Because the FPCR is able to mobilize intracellularly
sequestered calcium in phagocytic cells, we tested
RNA-injected oocytes for acquired fMLP-dependent
calcium mobilization by measuring the accelerated ef-
flux of intracellular 4*Ca%*. FPCR activity appears 2
days after injection of active RNA, peaks at 4 days and
is still detectable at least 7 days after injection of RNA.

E %

Fig.4. Enrichment of fMLP-dependent “*Ca’* efflux activity in size
fractionated HL60 cell RNA. Oocytes received SO nl of water (lane
1), 50 ng of unfractionated RNA from undifferentiated HL60 celis
(lane 2) or differentiated HL6O cells (lane 3), or 50 ng of RNA from
fraction 11 of sucrose gradient fractionated RNA from differentiated
HL60 cells (lane 4) and were tested with 10°* M fMLP 5 days later.
Data are representative of 3 separate experiments and are from
triplicate groups, 4 oocytes in each group.
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The calcium response was linear for amounts of RNA
injected from 3 to 50 ng (not shown). Oocytes injected
with RNA from the same size fractions as those
mediating the electrophysiologic responses to fMLP ex-
hibit a greatly augmented calcium efflux response as
compared to unfractionated RNA (fig.4).
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Fig.5. The FPCR calcium mobilizing activity is expressed ir. Xenopus
oocytes 1n a physiologically faithful form. (A) Ligand concentration
dependence. Oocytes were injected with 25 ng of fraction 11 RNA
and were stimulated 4 days later, Data are representative of 2
separate experiments performed in triplicate, 3 cocytes per replicate.
(B) Inhibition by pertussis toxin. Oocytes were injected with 50 nl of
water (lane 1) or 25 ng of fraction 13 RNA (lanes 2 and 3). Five days
after injection, pertussis toxin (2 gg/ml) was added to the media of
half of the RNA injected oocytes (lane 3). One day later, oocytes were
tested with 10°* M fMLP. Data are representative of 4 separate
experiments and are from S (lanes 2 and 3) or 3 (lane 1) replicates,
! oocyte per rerlicate. Baseline “*Ca’" efflux between conditions
differed by < 2%,
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We have used the calcium response to show that the
physiologic properties of the heterologously expressed
receptor are similar to those observed in phagocytic
cells. Specifically, the ligand structure dependence is
identical: non-formylated peptides such as Met-Leu-
Phe, Phe-Leu-Glu-Glu-Val and t-BOC-Phe-Leu-Phe-
Leu-Phe are inactive whereas fMLP and f-Nle-Leu-
Phe-Nle-Tyr-Lys are active (not shown); the fMLP
concentration dependence is similar to that previously
reported for fMLP-stimulated calcium fluxes in human
neutrophils (fig.5A) [9]; and the response is abolished
by preincubation of oocytes with pertussis toxin
(fig.5B). Pertussis toxin sensitivity could be partially
reversed by incubating the toxin-treated oocytes in
toxin-free media for an additional 24 h (data not
shown).

4. DISCUSSION

These data demonstrate that FPCR can be expressed
in a physiologically faithful form in Xenopus oocytes.
All of the properties of active receptor are expressed
after injection with RNA confined to a single sucrose
gradient peak corresponding to a transcript size of
2 kb. Although it is possible that RNA encoding other
signalling elements is contained in the 2 kb fraction, it
has been demonstrated that the oocyte possesses native
G-proteins and other more distal effector elements
capable of transducing signals from heterologously ex-
pressed mammalian receptors [10]. Based on a 32 kDa
unglycosylated form of the receptor that is seen by af-
finity crosslinking methods, a transcript containing a
coding region of approximately 1 kb would be re-
quired. The data would therefore predict a combined
length of 3'- and 5'-untranslated sequences of approx-
imately 1 kb.

Our data also provide evidence that acquired FPCR
transmembrane current activity in oocytes is due to ac-
tivation of a chloride conductance. This raises the
possibility that changes in the membrane potential of
phagocytic cells stimulated with fMLP may also in-
volve chloride conductance changes [11).

An additional implication of our study is that the
oocyte expression system is a valid system for cloning
¢DNA encoding FPCR by the sib selection strategy, as
has been done with other G-protein coupled receptors
such as the serotonin-1c receptor [10]. We have recently
extended this approach to examine the expression of
other G-protein coupled chemoattractant receptors
(manuscript in preparation’. Our results suggest that
this cloning strategy may also be feasible for receptors
for C5a and platelet activating factor.
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Free Radicals Mediate Peroxidative Damage in
Guinea Pig Hippocampus In Vitro
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Previous studies have shown that peroxide caused
electrophysiological damage. The present study in-
vestigates the action of agents that interfere with a
free radical process in an effort to define the mecha-
nism of peroxide damage. Deferoxamine chelates
iron, making it unavailable for the Fenton reaction
and thereby preventing the formation of hydroxyl
free radicals from peroxide. Dimethylsulfoxide
(DMSO) scavenges hydroxyl free radicals. Trolox-C,
a water soluble Vitamin E analog, is an antioxidant
that can scavenge peroxy radicals. Slices of hippo-
campus were removed from brains of euthanized
guinea pigs. Electrical stimulation of an orthodromic
pathway to CAl region evoked a synaptic response
and a population spike. Input-output curves were
generated to evaluate the protection by deferox-
amine, Trolox-C, and DMSO on the synaptic damage
and impaired spike generation caused by peroxide.
Lipid peroxidation was measured by the thiobarbitu-
ric acid test. Peroxide was found to increase lipid
peroxidation. Deferoxamine and Trolox-C protected
against the peroxide-induced synaptic damage, im-
paired spike generation, and lipid peroxidation.
DMSO was ineffective synaptically but reduced per-
oxide damage to spike generating mechanisms and
further lipid peroxidation. The data support the hy-
pothesis that peroxide causes damage through a free
radical mechanism.

Key words: hydroxyl free radicals, hydrogen perox-
ide, lipid peroxidation, deferoxamine, Trolox-C,
DMSO

INTRODUCTION

Hydrogen peroxide has been used as a model for
free radical damage in a number of systems (Ward et al.,
1985, Pellmar, 1986, 1987; Mello Filho et al., 1984; van
der Zee et al., 1985). Using the hippocampal brain slice
from guinea pigs. previous studies (Pellmar, 1986, 1987)
revealed that peroxide decreases the synaptic field po-
tential and the intracellularly recorded excitatory and in-
hibitory postsynaptic potentials. In addition. peroxide

c: 1989 Alan R. Liss, Inc.

impairs the ability of the synaptic response to generate an
action potential (Pellmar, 1986) and the ability of the cell
to produce a train of action potentials (spike frequency
potentiation) (Pellmar, 1987).

Hydrogen peroxide rcacts with transition metals
such as copper and iron to produce the very reactive
hydroxyl free radical through the Fenton reaction. It is
likely that generation of this oxygen radical is responsi-
ble for at least some of the damage caused by peroxide.
The hydroxyl radical is a strong oxidant and an initiator
of lipid peroxidation. The present study was designed to
evaluate the free radical involvement in peroxidative
damage to the hippocampus in vitro. The reagents we
used were chosen to interfere with different steps in free
radical damage: a) deferoxamine to chelate iron and ren-
der it inaccessible for the Fenton reaction (Graf et al.,
1984); b) DMSO and thiourea to scavenge hydroxyl free
radicals (Littlefield et al., 1988; Halliwell and Gut-
teridge, 1985; Reuvers et al., 1973; Chapman et al..
1973); and c) Trolox-C, an antioxidant, to provide pro-
tection, in part, by scavenging the peroxy radical (Doba
etal., 1985: Niki, 1987: Halliwell and Gutteridge. 1985:
Burton et al., 1985). The effectiveness of these pro-
tectants was evaluated on lipid peroxidation and on the
electrophysiological deficits produced by hydrogen per-
oxide in hippocampal slices.

MATERIALS AND METHODS

Slices of hippocampus were prepared from brains
of male Hartley guinea pigs as previously described
(Pellmar, 1986, 1987). Animals were anesthetized with
halothane and cuthanized by cervical dislocation. The
brain was quickly removed from the animal and chilled
in iced artificial ccrebrospinal fluid (aCSF) with the fol-
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lowing composition (in mM): NaCl, 124; KCl, 3.0;
CaCl,, 2.4; MgSO,, 1.3; KH,PO,, 1.24; glucose, 10;
and NaHCGO;, 26; equilibrated with 95% 0O./5% CO,.
The hippocampus was then dissected bilaterally. Slices
400450 wm thick were cut on a Mcllwain tissue chop-
per and incubated at room temperature for at least an
hour for both electrophysiology and lipid peroxidation
experiments.

Deferoxamine (desferal, deferoxamine mesylate)
was provided by CIBA Pharmaceutical Company.
Trolox-C (R020-9747) was a gift from Hoffmann-La-
Roche, Inc. Thiourea. dimethylsulfoxide (DMSQO),
trichloracetic acid, 2-thiobarbituric acid, and ethylenedi-
aminetetraacetic acid (EDTA) were purchased from
Sigma Chemical Co., St. Louis, MO. Malonaldehyde
bis(dimethyl acetal) (MDA) was obtained from Aldrich
Chemical Co., Milwaukee, WI. Hydrogen peroxide was
diluted daily from a 50% stock solution from Fisher Sci-
entific Co.. Pittsburgh, PA.

Electrophysiology

A single hippocampal slice was placed in a sub-
merged slice chamber for electrophysiological record-
ings. Artificial CSF (aCSF) at 30° = 1°C and saturated
with 95% O,/5% CO, was continually perfused through
the chamber at about 1 m)/min.

A bipolar stainless steel stimulating electrode
(DKI) was positioned in the stratum radiatum to stimu-

late afferents to CAl region of hippocampus. A glass

recording electrode filled with 2 M NaCl was positioned
in the stratum pyramidale of CA1l to record the popula-
tion spike (somatic response). A second recording elec-
trode was placed in the stratum radiatum to record the
population postsynaptic potential (dendritic response,
population PSP) and the afferent volley, the reflection of
the number of afferent fibers firing. The PSP was quan-
titated by the initial slope of the potential since the
evoked population spike frequently prevented measure-
ment of the full amplitude. Constant current stimuli
(0.1-1 mA, 200 ps) were applied to the stimulating elcc-
trode at 0.2 Hz. The resultant field potentials were re-
corded with high gain DC amplifiers and were digitized,
stored, and analyzed on a PDP |1 computer.

Following placement of electrodes, field potentials
were recorded for at least 30 min to ensure a stable
preparation. Stimulus intensity was set to a level that
produced approximately a half-maximal response and re-
sponses (at 0.2 Hz) were continually recorded to monitor
the viability of the tissue. Input-output (1/O) curves were
generated by varying the stimulus intensity from 0 to 1.0
mA. Curves were obtained first in aCSF. The protectant
was then perfused through the chamber. Following a 30
min ¢xposure, another /O curve was generated. Hydro-

gen peroxide (0.005%) plus the protectant was then ap-
plied for another 30 min and a third I/O curve obtained.

The input-output curves consist of three relation-
ships: 1) afferent volley vs. population PSP, 2) popula-
tion PSP vs. population spike, and 3) afferent volley vs.
population spike. A plot of the afferent volley vs. the
population PSP reveals any change in the ability to pro-
duce a synaptic potential (synaptic damage). A plot of
the population PSP vs. the amplitude of the population
spike reveals any change in the ability of the synaptic
potential to generate an action potential (spike generation
damage). The plot of afferent volley vs. population spike
reflects the composite of synaptic and postsynaptic
damage.

The input-output curves were analyzed as de-
scribed previously (Tolliver and Pellmar, 1987; Pellmar
and Neel, 1989). In short, the response amplitudes re-
corded at each stimulus intensity were averaged for all
experiments under each experimental condition. The av-
erage responses and their standard errors were used to
construct the curves in Figures 1 and 2. A sigmoid curve
was computer fit to the points. Differences between
curves with and without peroxide were tested for signif-
icance by comparing the residual sum of squares for the
individual curves with the residual sum of squares for the
curve fit to all the points under both experimental con-
ditions. Significance was accepted at P<<0.05.

Lipid Peroxidation

Lipid peroxidation was evaluated through the
thiobarbituric acid test as described by Kovachich and
Mishra (1980). Slices from one hippocampus were di-
vided into three groups: a) incubated in aCSF for | hr b)
treated with protectant for 1 hr, and c) treated with pro-
tectant for 30 min followed by a 30 min exposure to
0.01% hydrogen peroxide in the presence of the pro-
tectant. These 1 hr incubations were done at 30° = 1°C.
At least three slices of hippocampus in each group were
necessary to provide sufficient tissue for assay. Each
experimental condition was tested at least ten times. Af-
ter treatment, slices were bletted dry and weighed. Tis-
sue was then homogenized in 1 ml of 20% trichloracetic
acid with 0.5 mM EDTA. Thiobarbituric acid (0.67%) in
20 mM NaOH (2 ml) was added. the solution boiled for
{0—15 min and then centrifuged for 10 min at 2,400 rpm.
The absorbance was measured at 530 nm. Standards of
0.0 to 15 nmoles of malonaldehyde in 500 ul of aCSF
containing 0.5 mM EDTA were treated as was the tissue.

To ensure that the protectants did not influence the
measured MDA standard curves were constructed in the
presence of 20 ul of the reagents. This volume was the
estimated maximum residual volume of aCSF in the tis-
sue after blotting dry. based on wet weight vs. dry
weight measurements for sample slices. Two to three
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Fig. 1. Input/Output curves showing the effect of peroxide
(0.005%) on the relationship of the afferent volley and the size
of the synaptic potential (A) in the absence of any protectant
(Control) and in the presence of (B) deferoxamine (1 mM). (C)
DMSO (50 mM) or (D) Trolox-C (100 uM). Hydrogen per-
oxide severely decreases the ability of the afferent stimulation
to evoke a synaptic potential. Deferoxamine and Trolox-C sig-

standard curves were constructed for each protectant and
for cach protectant plus peroxide. There was no signifi-
cant influence of any of these agents on the standard
curves.

RESULTS
Protectants on Electrophysiological Damage

Figure 1 illustrates the effects of deferoxamine,
Trolox-C. and DMSO on the damage caused by 0.005%
peroxide at the synaptic site. At the doses used these
agents had no direct effects on this relationship. In the
absence of any protectants (Control), peroxide reduced
the ability of orthodromically stimulated afferent fibers

nificantly protect against this damage. DMSO does not provide
significant protection. None of the three protectants by them-
selves shifted these curves (not shown). In all graphs, solid
lines (circles) show relationship before application of peroxide.
with protectant present in B, C, and D. Dotted lines (triangles)
show relationship following a 30 min exposure to 0.005%
peroxide.

to evoke a synaptic potential in the stratum radiatum. In
Figure 1A, data from nine hippocampal slices were com-
bined to produce the curves relating the afferent volley
amplitude to the population PSP. A statistically signifi-
cant change in the curve resulted from exposure to per-
oxide. In contrast, when peroxide was applied in the
presence of | mM deferoxamine (desferal) (Fig. 1B), no
significant shift in the control curve resulted (n=>5); de-
feroxamine protected against peroxide-induced synaptic
damage. Similarly Trolox-C (100 nM), a water soluble
analog of vitamin E. was very effective in preventing
peroxide-induced synaptic damage (n=6) (Fig. 1D).
With Trolox-C present, the relationship of afferent volley
to synaptic potential was not significantly shifted by per-
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Fig. 2. Input-output curves showing the effect of peroxide
{0.005%) on the relationship of the synaptic potential size to
the amplitude of the population spike (A) in the absence of any
protectant and in the presence of (B) deferoxamine (I mM),
(C) DMSO (50 mM) or (D) Troiox-C (100 uM). Hydrogen
peroxide significantly reduced the ability of a synaptic poten-
tial to evoke a spike. All three protectants provided some pro-

oxide. In DMSO (0.36%, 50 mM) (Fig. 1C), however,
peroxide produced at least as much synaptic damage as
in the absence of any protectants (n=7). Despite the
presence of DMSO the curve was significantly shifted by
addition of peroxide.

In addition to synaptic damage, peroxide has been
previously shown to decrease the ability of the synaptic
potential to evoke an action potential. This action can be
seen in Figure 2A. Addition of peroxide produced a sig-
nificant shift in the relationship between population PSP
size and population spike amplitude. All three pro-
tectants afforded some degree of protection against this
decrement, with no direct effect of their own on the 1/O
curve, Deferoxamine (n=5' and DMTO (n=7) pre-
vented any significant shift in the ability oi the synaptic
potential to evoke a population spike with exposure to

tection from this damage. None of the three protectants by
themselves shifted these curves (not shown). In all graphs solid
lines (circles) show relationship before application of peroxide.
with protectant present in B, C and D. Dotted lines (triangles)
show relationship following a 30 min exposure to 0.005%
peroxide.

peroxide. In Trolox-C (n=6) a reduction in population
spike generation was stili present but was substantially
reduced compared to peroxide alone.

The ability of Trolox-C to protect against peroxide
damage is illustrated in Figure 3. Five traces from the
somatic and dendritic fields were computer averaged.
Stimulus intensity was set to a level that produced ap-
proximately half-maximal amplitude of the population
spike in the control recordings. It is clear that both the
population spike (somatic) and the population synaptic
potential (dendritic) are little changed by the presence of
peroxide. This is in marked contrast to the decreases that
occur in both responses in peroxide alone (see Fig. 5B
and Pellmar, 1986).

A synopsis of the protective actions of the agents
tested is shown in Figure 4. Differences between two
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from stratum pyramidale (somatic) and from stratum radiatum
(dendritic) of the CA1 region of hippocampus. Following treat-
ment with 100 pM Trolox-C 0.005% peroxide had minimal
effect on both the dendritic response (the population PSP) and
the somatic response (population spike). Calibration pulse: 1
mV, 2 ms.
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Fig. 4. Relative effects of DMSO, Trolox-C, and deferox-
amine on the peroxide-induced decrease in the Population PSP
(SYNAPTICO), reduction in the ability to generate an postsyn-
aptic spike (SPIKE GENERATION), and the decreased ortho-
dromic activation of a population spike (COMPOSITE), which
combines both synaptic and spike generating deficits. Damage
by peroxide in the absence of any protectant is considered to be
100%. Lower values suggest that there is less damage than
with peroxide alone while higher values suggest a greater de-
gree of damage. All three protectants were effective on the
composite damage and on spike generation. DMSO was not
protective against peroxide damage on the synaptic response.

computer-fitted curves can be estimated by comparing
the ratio of parameters describing the curves (maximum
y value/ x value at half-maximal y value) before and
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during exposure to peroxide, as described previously
(Tolliver and Pellmar, 1987). The change in the curves in
the absence of any protectant was set to 100%; the
change in the curves in the presence of protectant would
be less than that if the peroxide-induced damage was
reduced. It can be clearly seen in Figure 4 that ail three
of the protectants reduce the composite damage produced
by peroxide. Deferoxamine was the most effective, al-
lowing only 16% of the damage produced by peroxide
alone. DMSO was the least effective, allowing 79% of
the unprotected damage. The relative ineffectiveness of
DMSO results from its inability to protect at the synaptic
site. If anything, the synaptic damage was greater in the
presence of DMSO than in its absence, although this was
not statistically significant. All three agents improved
spike generation damage from peroxide. Trolox-C was
least effective. In Trolox-C, peroxide damage was 54%
of the unprotected damage while in DMSO and deferox-
amine damage was only 5-10% of peroxide control.

Neither deferoxamine, Trolox-C nor DMSO af-
fected the electrophysiological responses in the absence
of peroxide (data not shown). In contrast, thiourea did
have direct effects on the orthodromically evoked re-
sponses. This prevented a comprehensive study of thio-
urea using input-output curves. Instead, the amplitude of
the half-maximal response was monitored for 30 min in
thiourea followed by another 30 min in thiourea plus
peroxide.

Thiourea (0.5 mM) also afforded some protection
from peroxide damage although exposure to this dose of
the scavenger caused the population spike to gradually
increase with time (Fig. SA) (n=12). If an estimate is
made by extrapolation of the size the population spike
would be 30 min after initiation of application of perox-
ide, one can observe that the decrement with hydrogen
peroxide is less than that seen without the scavenger
(n=10). Since the protection was incomplete, 5 mM
thiourea was tested (n=6). This dose, however, directly
decreased the population spike and was not tested in
combination with peroxide. Figure 5B illustrates sample
traces of the population spike (average of four) with and
without thiourea. In the presence of thiourea (0.5 mM)
the amplitude of the population spike is about the same
30 min after exposure to peroxide as it was in the control
period. This is somewhat misleading since thiourea was,
by itself, increasing the population spike amplitude. In
contrast, however, peroxide in the absence of any pro-
tectant caused a significant reduction in the population
spike (n=10).

Protectants on Lipid Peroxidation

Peroxide has been hypothesized to exert its action
on hippocampal neurons, at least in part, through perox-
idation of the cell’s lipid membranes [Pellmar, 1986,
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1987]. Using the thiobarbituric acid test for MDA, we
found evidence for lipid peroxidation with 0.01% hydro-
gen peroxide (Table I). Resting level of MDA was
119.43 + 6.66 nmoles/mg wet weight. Following a 30
min incubation with peroxide the levels increased to
145.04 += 7.81 nmoles/mg. The actions of DMSO,
Trolox-C, and deferoxamine were evaluated on perox-
ide-induced lipid peroxidation. Tissue was pretreated
with protectants for 30 min followed by a 30 min expo-
sure to peroxide. As a control, tissue was also exposed to
the protectants for | hr to evaluate any direct effects of
the protectant on the tissue. Deferoxamine and Trolox-C
were capable of preventing the peroxide-induced change
in MDA without causing any direct effects (Table I).
DMSO also effectively prevented any peroxide-induced
changes but itself increased the measured MDA.

Fig. 5. Thiourea at a dose of 0.5 mM provided some protec-
tion from peroxide damage. Orthodromic pathway in CAl re-
gion of hippocampus was stimulated at a frequency of 0.5 Hz,
using a stimulus strength that evoked a half-maximal amplitude
population spike. Population spike was recorded in stratum
pyramidale. Four traces were averaged every 5 min throughout
the experiment. A. The amplitude relative to the size of the
response at time zero is plotted here. Data were collected for 30
min either with thiourea at the doses indicated (circles and
triangles, solid lines) or in the absence of any protectant
(squares, dotted line). Peroxide (0.005%) was added at the
time point indicated by the vertical dashed line. 0.5 mM thio-
urea (circles) caused a gradual increase in the amplitude of the
population spike while higher doses such as 5 mM (triangles)
caused a gradual decrease in the amplitude of the population
spike. The reduction in the population spike produced by per-
oxide in the absence of thiourea was greater than the decrease
seen in the presence of 0.5 mM thiourea even when the gradual
growth of the response is taken into account (extrapolated
lines). B. Sample electrophysiological records. The population
spike was minimally affected when 0.005% pcroxide was ap-
plied in the presence of thiourea but was substantially de-
creased when thiourea was not present (untreated). Calibration
pulse: 1 mV, 2 ms.

DISCUSSION

The data indicate that free radical scavengers can
provide protection from peroxidative damage. Both de-
feroxamine, the iron chelator, and the antioxidant
Trolox-C were effective electrophysiologically at the
synaptic and spike generating sites and prevented lipid
peroxidation. The hydroxyl radical scavenger DMSO ef-
fectively prevented both the reduction in spike genera-
tion and the increased lipid peroxidation but not the syn-
aptic damage. While the free radical scavenger thiourea
was protective, its effects were difficult to interpret due
to its direct actions.

Deferoxamine is a very effective iron chelator that
can make the metal completely inaccessible for Fenton
chemistry (Graf et al., 1984). The nearly complete pro-
tection from peroxide damage with deferoxamine
strongly suggests iron involvement. This implies that the
Fenton reaction is required and therefore it is reasonable
to postulate that hydroxyl radicals are mediating the
damage. The source of the iron is unclear. While no iron
was added to the solution, it is a common contaminant of
commercially available compounds [Halliwell and Gut-
teridge, 1985; Wong et al., 1981]. Free cellular iron is
likely to be present in negligible concentrations, but iron
chelates of citrate and ATP are available for reaction
with peroxide. Several iron binding proteins are also
likely to be present in the tissue: hemoglobin and trans-
ferrin from residual blood and ferritin intracellularly.
These proteins can, under certain conditions, release
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TABLE 1. Effect of Protectants on Malonaldehyde Levels in Hippocampus'

Treatment N Untreated Drug alone Drug + peroxide
Control 12 119.43 = 6.66 145.04 = 7.81*
Desferal 10 127.69 + 5.36 129.51 = 9.47 121.93 * 8.94
Trolox-C 10 118.46 = 5.34 119.18 = 5.83 99.72 * 6.59
DMSO 10 129.12 = 4.%¥7 145.02 + 5.43* 139.54 + 3.17*

"Malonaldehyde was measured by the thiobarbituric acid test and standardized by tissue wet weight (nmoles MDA/mg wet weight). Values are
the average of N preparations = SEM. Slices from one animal were divided into three groups: untreated incubated for 1 hr (untreated). treated
with the test drug alone for | hr (drug alone). and treated with the test drug for 30 min followed by treatment with the test drug and 0.01%

peroxide for 30 min (drug + peroxide).

*Statistically significant difference from paired. untreated tissue; paired t test. P<0.05.

their iron and promote free radical reactions (Halliwell
and Gutteridge, 1984, 1985: Aust, 1988).

Although DMSO is an effective hydroxyl radical
scavenger (Reuvers et al., 1973; Chapman et al., 1973;
Littlefield et al.. 1988), it only protected spike genera-
tion but not synaptic potentials from peroxide damage.
Yet the results with desferal suggest that hydroxyl radi-
cals are involved in both mechanisms. Since hydroxyl
radicals are so reactive, they do not diffuse far. There-
fore, interaction of peroxide with iron is likely to cause
damage near the metal binding site. Although distribu-
tion of DMSO may be fairly uniform throughout the cell,
hydroxyl radical production is more likely to be site spe-
cific (Chevion, 1988). As a consequence, DMSO might
be available in a sufficient concentration to scavenge all
the hydroxyl radicals at on¢ site while at another site, the
concentration may be inadequate. In addition, steric lim-
itations may prevent access by the scavenger more at one
location than another (Chevion, 1988). A differential ef-
fect of DMSO on synaptic and spike generating mecha-
nisms therefore may be the result of the nonuniform dis-
tribution of iron.

Trolox-C, a vitamin E analog, prevented both the
decrease in the synaptic potential and the generation of
action potentials caused by peroxide. It is well estab-
lished that vitamin E scavenges the peroxy radical in the
lipid membrane that occurs with the initiation of lipid
peroxidation (Doba et al.. 1985; Halliwell and Gut-
teridge. 1985; Burton et al., 1985; Niki. 1987). Doba et
al. (1985) suggest that Trolox-C, despite its water solu-
bility, is sufficiently lipophilic to penetrate and traverse
lipid bilayers and to scavenge the lipid soluble peroxy
radical. Other mechanisms of action for Vitamin E have
also been hypothesized. For example, Pascoe et al.
(1987) suggested that Vitamin E is effective in chemical
toxicity by maintaining levels of cellular protein thiols
such as glutathione. It is possible that Trolox-C provides
protection against impaired spike generation and synap-
tic damage through two distinct mechanisms.

Peroxide impairs spike generation and synaptic
transmission through a free radical mechanism. The ac-

tions of the iron chelator deferoxamine suggest that hy-
droxyl radicals are likely to be the initiator for both sites
of damage. Yet the mechanisms of action of the radicals
at the two sites are likely to be distinct. ®Cobalt radia-
tion, like peroxide, produces both spike generation and
synaptic damage (Tolliver and Pellmar, 1987). Spike
generation damage did not show dose-rate dependence
which is consistent with a lipid peroxidation mechanism.
The observation that DMSO prevents impairment of
spike generation and lipid peroxidation, but not synaptic
damage, strengthens this correlation. Synaptic damage
from gamma radiation was sensitive to dose-rate suggest-
ing a distinct mechanism. Synaptic damage from perox-
ide and radiation might be due to an oxidation of mem-
brane proteins. Protein oxidizing agents, chloramine-T
and n-chlorosuccinimide, produced only synaptic dam-
age. and did not impair the spike generation (Pellmar and
Neel, 1989) nor induce lipid peroxidation (Pellmar and
Lee. unpublished data). In conclusion, the data suggest
that peroxide reduces svnaptic potentials and impairs
postsynaptic generation of action potentials through two
distinct free radical mechanisms.
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This report presents the results of an investigation of changes
in the number of erythroid and granulocyte-macrophage colony-
forming cells (GM-CFC) that had occurred in tissues of normal
B6D2F1 mice 20 h after administration of a radioprotective
dose (150 ng) of human recombinant interfeukin-1 (rIL-1). Neu-
trophilia in the peripheral blood and changes in the tissue distri-
bution of GM-CFC demonstrated that cells were mobilized
from the bone marrow in response to rIL-1 injection. For exam-
ple, 20 h after rIL-1 injection marrow GM-CFC numbers were
80% of the numbers in bone marrow from saline-injected mice.
Associated with this decrease there was a twofold increase in
the number of peripheral blood and splenic GM-CFC. Also, as
determined by hydroxyurea injection, there was an increase in
the number of GM-CFC in S phase of the cell cycle in the spleen,
but not in the bone marrow. Data in this report suggest that
when compared to the spleen, stimulation of granulopoiesis af-
ter riL-1 injection is delayed in the bone marrow. Also, the ear-
lier recovery of GM-CFC in the bone marrow of irradiated mice
is not dependent upon an increase in the number of GM-CFC at
the time of irradiation. © 1990 Academic Press, Inc.

INTRODUCTION

An increase in the number of mice surviving lethal doses
of radiation was observed when mice had been adminis-
tered a single injection of recombinant interleukin-1 (rIL-
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1)® 18-24 h prior to their irradiation (/). Also, there was
an earlier recovery of hematopoietic colony-forming cells
(CFC) in the bone marrow and spleens from mice exposed
to sublethal doses of radiation after rIL-1 injection (2-6).
The physiological mechanisms promoting the earlier hema-
topoietic recovery in mice injected with rIL-1 are not well
understood. Previous studies demonstrated that the earlier
recovery of CFC was not dependent upon an increase in the
number of spleen colony-forming units (CFU-S) or in the
percentage of CFU-S in S phase of the cell cycle at the time
of irradiation (3-35, 7).

An increase in colony-stimulating activity (CSA) for
granulocyte-macrophage colony-forming cells (GM-CFC),
erythroid burst-forming units (BFU-E), and multipotential
colony-forming units has been observed in cultures of fi-
broblasts, endothelial cells, bone marrow stromal cells, or
fetal liver stromal cell lines after stimulation with rlL-1{ (8-
12). The increased levels of CSA were partially due to an
rIL-1 dose-dependent increase in the production of granu-
locyte-macrophage and granulocyte colony-forming factors
and interleukin-6 (10-12). Elevated levels of CSA for GM-
CFC also occurred in vivo after administration of rIL-1 (/3-
14). Several studies demonstrated that shortly after induc-
ing the production of CSA, rIL-1 injection stimulated gran-
ulopoiesis in the bone marrow of normal mice (/3-16).
Neta et al. (16) suggested that the radioprotective effects of
riL-1 injection may be associated with an increase in the
number of cycling CFC at the time of irradiation.

In previous studies it was found that in mice irradiated
after rIL-1 injection there was an earlier recovery of GM-
CFC in the bone marrow (3, 4). Studies in the present report
were performed to investigate rIL-1-induced changes in
CFC numbers in tissues of mice prior to their irradiation
that might further delineate possible mechanisms for the
observed earlier hematopoietic recovery. Specifically, the
numbers of GM-CFC, erythroid colony-forming units

3 Abbreviations used: rIL-1, recombinant interleukin-1; CFC. colony-
forming cells; CFU-S, spleen colony-forming units; CSA, colony-stimulat-
ing activity; GM-CFC, granulocyte-macrophage colony-forming cells;
BFU-E, erythroid burst-forming units; CFU-E, erythroid colony-forming
units.
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EFFECT OF IL-1 ON COLONY-FORMING CELLS

(CFU-E), and BFU-E in bone marrow or spleen were deter-
mined in mice 20 h after saline or rIL-1 injection. The de-
crease in GM-CFC, CFU-E, and BFU-E after hydroxyurea
injection was used to measure the proportion of CFC in S
phase of the cell cycle.

MATERIALS AND METHODS
Mice

B6D2F1. or (C57B1/6] < DBA/2)F1. female mice were purchased from
Jackson Laboratonies (Bar Harbor, ME). Upon amival, mice were main-
tained in an AAALAC-accredited facility. They were housed 10 per cage
in plastic microisolator cages on hardwood-chip contact bedding. and were
allowed food (Wayne Rodent Blox) and HC 1-acidified water (pH 2.4) ad
{ihitum. Animal holding rooms were maintained at 70 + 2°F and 50 * 10%
relative humidity using at least 10 air changes per hour of 100% condi-
tioned fresh air and exposed to full-spectrum light from 6:00 am to 6:00
pM. Upon arrival. mice were tested for Pseudomonas contamination and
quarantined until test results were obtained. Only healthy mice were re-
leased for experimentation. Twelve to 16-week-old mice were used for
these studies. Research was conducted according to the principles enunci-
ated in the “Guide for the Care and Use of Laboratory Animals’ prepared
by the Institute of Laboratory Animal Resources, National Research
Council.

Irradiation

Twenty hours after saline or rlL-1 injection. mice were placed in venti-
fated Plexigias boxes and exposed bilaterally to y radiation from a *Co
radiation source. In radiation studies. mice were exposed t0 6.5, 1.0, or 0.5
Gy total-body irradiation at a dose rate of 0.40 Gy/min 20 h after saline or
ril-{ injection.

Treatment with Interleukin-1

Puritied human rlL-1 alpha. a generous gift from Dr. Steve Gillis of Im-
munex (Seattle. WA). was used in these studies. The rIL-1 was supplied in
a solution of phosphate-buffered saline at pH 7.2 with a specific activity
of 7.5 < 10" U IL-1/mg protein. and aliquots were maintained at —70°C.
Immediately before use. stock solutions of riL-1 were diluted with pyro-
gen-free saline (McGaw). and 130 ng/0.5 ml was administered to normal
mice by intrapentoneal (i.p.) injection. Mean body weight of mice used in
these studies was 27 + 2 g so that the average dose of riL-1 was approxi-
mately 5.6 ug/kg body weight. Control animals were given 0.5 ml saline at
the same time. Endotoxin (LPS) contamination in riL-1 stock solutions
was measured by the Limudus Ivsate assay. Based on these results less than
0.2 ng of 1 PS was administered per injection. The number of mice surviv-
ing > 30 days after 10.5 Gy irrachation was similar for noninjected mice
(1710}, saline-tnjected mice (1/i0). and mice injected with 150 ng heat-
inactivated rll.-1 (1/10). Also. data in an earlier report demonstrated that
150 ng riL-1 from the same stock solutions as used in the present studies
increased the number of B6D2E' 1 mice that survived after 10.5-Gy irradia-
tonfrom 7 + 137 1o 83 + 77 (),

Preparation of Cell Suspensions

Penpheral blood for cefl differential determinations was obtained from
the orbital sinus of nonanesthetized mice using a 75-ul heparinized micro-
hematocnt capillary tube (Curtin Matheson). Smears were made and
stained for differential determinations with Hema 3 (Curtin Matheson),
and 200 cells per mouse were counted. Different mice were used for each
time point.

Mice were sacnificed by cervical dislocation. and the femurs and spleens
were excised. Cells were flushed from the tissues with Hanks' balanced salt
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solution (HBSS) (GIBCO) and dispersed through a 25-gauge needle until
a single cell suspension was obtained. All cell concentrations were deter-
mined by hemacytometer counts. When blood was collected for colony-
forming assays, mice were anesthetized with ether, and blood was obtained
from the vena cava with an 18-gauge needle attached to | ml heparinized
syringe. The blood was diluted with an equal volume of HBSS and layered
over Lympholyte-M (Cedarlane Labs) a Ficol-Hypaque solution with a
density of 1.09 g/cm? to remove red blood cells and granulocytes (/7). Cells
at the interface were removed, washed two times with HBSS, and counted.

Assay for Granulocyte-Macrophage Colony-Forming Cells

The GM-CFC were assayed using the double-layer agar technique basi-
cally as described by Hagan et al. (18). The culture medium was double
strength CMRL-1066 culture medium (Connaught Medical Research Lab-
oratory) containing 10% (v/v) fetal calf serum, 5% (v/v) horse serum. 5%
trypticase soy broth, 0.02 g/ml L-asparagine. and penicillin-streptomycin.
In the bottom layer of 35-mm plastic petri dishes was | ml of a 1:1 mixture
of culture medium and 1.0% agar (Bactoagar, Difco) containing 10% (v/v)
£.-929 cell-conditioned medium as a source of colony-stimulating activity.
The top layer contained 1 ml of a |:1 mixture of culture medium and
0.66% agar containing 5 x 10* bone marrow cells. 1 X 10° separated blood
cells. or 1 X 10° spleen cells for assay. Cultures were incubated at 37°C in
5% humidified CO, in air. After 10 days of culture colonies greater than 50
cells were scored as GM-CFC.

Assays for Erythroid Colony-Forming Cells

Determinations of CFU-E and BFU-E were made using a plasma clot
culture system basically as described by Weinberg ez al. (19). Iscove’s modi-
fied Dulbecco’s medium (GIBCO) was substituted for « medium. Cells
were plated with 0.25 U/ml (for CFU-E) or 3.0 U/ml (for BFU-E) anemic
sheep plasma, step 11l erythropoietin (Connaught Labs. Inc.. Lot No. 3092-
2) as 0.4-ml plasma clots in 4-well Nunclone culture dishes (Nunc). Cul-
tures of CFU-E and BFU-E were placed into a humidified 37°C incubator
with 5% CO, for 2.5 and 8 days. respectively. Cultures were then harvested.
fixed with 5% glutaraldehyde. stained with benzidine, and evaluated as de-
scribed by McLeod et al. (20).

Determination of Colony-Forming Cells in § Phase of the Cell Cyele

The percentage of CFC in S phase of the cell cycle was determined basi-
cally as described by Rickard er al. (21). Mice were administered 900 mg/
kg body wt hydroxyurea (Sigma) in Dulbecco’s PBS (GIBCO) by 1.p. injec-
tion. Control groups of mice were administered DPBS without hvdroxy-
urea at the same time. Two and a half to 3 h later. tissues were assayed for
surviving CFC. The number of CFC in tissues from hydroxyurea injected
mice was compared to the number in tissues from DPBS-injected mice.
and the percentage decrease in CFC after hyroxyurea injection was calcu-
lated as the percentage of CFC that were in S phase of the cell cvcle.

Statistics

The two-tailed Student’s ¢ test was used 10 test for significant differences
in cellulanty and CFC per tissue between groups of mice.

RESULTS

Effect of riL-1 on Recovery of Colony-Forming Cells
after Irradiation

Two days after exposure to 0.5- or 1.0-Gy doses of radia-
tion, rlL-l-injected mice had more BFU-E/femur and
CFU-E/femur and spleen than saline-injected mice (Table
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TABLE1
Recovery of Erythroid Colony-Forming Cells from Tissues of
Saline or rIL-1-Injected Mice 2 Days after Irradiation®

Recovery after 0.5-Gy Recovery after 1.0-Gy

injection injection
Assay” Saline rlL-t Saline riL-i
No./femur
CFU-E (x10%" 1.1+£03 1.3+0.2 1.2+£0.1 1.2+0.1
BFU-E (x10°) 1.3+00 36+08 0 =0 7
No./spieen
CFU-E (x 10*" 14+04 6.5+1.0 0.8+0.2 4.7x06
BFU-E* 0 +0 0 =0 0 0 0 +0

“ Female B6D2F | mice (16 weeks old) were administered 0.5 ml saline
or 150 ng rIL-1 by 1.p. injection 20 h prior to their exposure t0 0.5 or 1.0
Gy *Co radiation.

* Cells were pooled from both femurs and the spleens of two mice per
group.

* Mean number + SD of two plasma clots each.

). When compared to the number of GM-CFC/femur for
nonirradiated control mice, the percentage of GM-CFC
surviving 24 h after 6.5-Gy radiation was 1.0 = 0.3% for
saline-injected mice and 1.2 + 0.6% for rIL-I-injected mice
(n = two studies). However, previous studies demonstrated
that 4 and 8 days after exposure of mice to 6.5 Gy radiation,
the number of GM-CFC in the bone marrow of rlL-1-in-
jected mice was approximately {.7 greater than the number
in the bone marrow from saline-injected mice (4). These
studies demonstrate that administration of rIL-1 to mice 20

SCHWARTZ ET AL.

h prior to their irradiation induced an earlier recovery of
CFC. The following studies were performed to compare tis-
sue cellularity and CFC content in saline-injected mice and
rIL-1-injected mice prior to their irradiation.

Changes in Peripheral Blood Cellularity
after rIL-1 Injection

The number of nucleated cellsymm? whole blood was
similar for noninjected mice (10,423 + 2815 for 13 mice)
and for mice 2, 6, 24, and 48 h after saline injection (8420
+ 2618 for 15 mice) or rIL-1 injection (9143 + 1775 for 14
mice). However, compared to noninjected mice, a signifi-
cant neutrophilia (Fig. 1) and lymphopenia (Fig. 2) were
observed within 2 h after saline or rIL-1 injection. The per-
centage of neutrophils had increased to almost 80% of the
nucleated cells in the blood with a significant increase in
nonsegmented neutrophils from 12 + 5% in saline-injected
mice to 56 + 15% in rIL-1-injected mice. By 6 h, the levels
of more immature neutrophils had returned to normal val-
ues, but a twofold increase in the more mature segmented
cells was still evident 48 h after rIL-1 injection. These results
demonstrate that soon after injection of a radioprotective
dose of rIL-1, mature and immature neutrophils were mo-
bilized from the bone marrow to the blood.

Effect of rIL-1 Injection on the Number of GM-CFC

Twenty hours after saline or rIL-1 injection, there was no
significant difference in splenic cellularity from saline and
rIL-1-injected mice (Table II). However, total cellulanty per
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) FIG. 1. Effect of riL-1 injection on neutrophils in peripheral blood. Nucleated cell number and cell differentials were measured in peripheral blood
from mice vanous times after injection of 150 ng riL-1 or 0.5 ml pyrogen-free saline. Values represent the mean + SD of numbers from three to five
mice (n = two studies). Separate mice were used at each time point. The number of neutrophils/mm? blood from noninjected mice was 1625 + 573
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FIG. 2.

Effect of rIL-1 injection on lymphocytes in peripheral blood. Nucleated cell number and cell differentials were determined in peripheral

blood from mice various times after injection of 150 ng riL-1 or 0.5 m! pyrogen-free saline. Values represent the mean * SD of number from three to
five mice (1 = two studies). Separate mice were used at each time point. and the values were determined from the same samples represented in Fig. |.
Lymphocytes/mm? blood from noninjected mice were 7870 £ 1705 (n = 10). (@) saline injection: (O) riL-1 injection: (\ ) no injection.

femur of rIL-1-injected mice was approximately 79% of
bone marrow cellularity from saline-injected mice. Similar
to the decrease in marrow cellulanty, there were approxi-
mately 20% fewer GM-CFC per femur of mice 20 h after
rIL-1 injection (Table II). Associated with the reduction in
the number of marrow GM-CFC from rlL-1-injected mice,
there was an increased number of GM-CFC in the blood
and spleen. In both blood and spleen, the number of GM-
CFC was approximately twofold greater than the number
in these tissues from saline-injected mice. These data sug-
gest that. in addition to neutrophils, rlL-1 injection induced
the mobilization of GM-CFC from the bone marrow.

Sensitivity of Granulocyte-Macrophage Colony-Forming
Cells 1o Hydroxyurea

The decrease in the number of GM-CFC after hydroxyurea
injection was used to determine the percentage of GM-CFC
in S phase of the cell cycle 20 h after saline or rIL-1 injection.
The percentage decrease in the number of GM-CFC in the
bone marrow and spleen was similar (P > 0.05) for saline-
injected mice and riL-I-injected mice (Table III). Due to the
increase in total number of GM-CFC per spleen induced by
rIL-1 injection. this represented an increase from 0.3 + 0.1
(x10%y GM-CFC/spleen from saline-injected mice to 0.7
+0.04 (x10") GM-CFC/spleen from rIL-1 injected mice in S
phase of the cell cycle. However. there was not a similar in-
crease in the number of GM-CFC in S phase of the cell cycle in
the bone marrow of rIL- 1-injected mice. These results suggest
that, compared to the spleen, stimulation of granulopoiesis af-
ter rIL-1 injection was delayed in the bone marrow.

Effect of rIL-1 Injection on Number of CFU-E and BFL-E

Twenty hours after rIL-1 injection, the number of CFU-
E per femur was reduced to 69 + 8% (n = 7) of the number
in bone marrow from saline-injected mice. The number of
CFU-E per spleen from rlL-1-injected mice was 101 + 35%
(n = 4) of the number from saline-injected mice. The num-
ber of BFU-E per femur was similar (P = 0.5) for nonin-
jected mice [1.3 + 0.6 (X10%) n = 9 studies]. mice 20 h after
saline injection [1.3 + 0.4 (X10%) n = 6 studies}, and mice
20 h after rIL-1 injection [1.1 *+ 0.3 (X10*) n = 6 studies].
A decrease in the percentage of CFU-E in S phase of the cell
cycle was observed in bone marrow of mice 20 h after salinz
injection (Table I11). There was no significant difference in
the percentage of BFU-E in S phase of the cell cycle for sa-
line or rIL-1-injected mice. These results demonstrate that
rIL-1 injection did not induce an increase in the number of
CFU-E or BFU-E in the bone marrow of mice prior to their
irradiation.

DISCUSSION

Data in the present report confirm that. similar to previ-
ous studies with C57B1/6J and B6D2F! mice, rIL-1 injec-
tion induced an earlier hematopoietic recovery in mice after
their exposure to sublethal doses of radiation (3-4). Also,
in nonirradiated mice, marrow CFU-E levels 20-24 h after
rIL-1 injection were decreased without an apparent com-
pensatory increase in the spleen (3). Results in the present
report further demonstrate that injection of a radioprotec-
tive dose (150 ng) of riL-1 induced changes in the tissue
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TABLE I
Cellularity and Number of GM-CFC in Tissues of Mice 20 h
after Saline or rIL-1 Injection®

Treatment
Saiine rli-1
injection injection %ril-1/
No /tissue” (n) (n)* saline?
Cellulanty
No./femur(+ 107) 1.4 +0.20(10) 1101 (1) 79+ 1l
~No./spleen ¢ < 10 13202 1.2+02(10) 95> 16
GM-CFC’
No./femui = 10%) 1.6 20.5(10) 1.2 +0.4(10) 77+ 12
No./spleen (- 10%) 0.5=0.3(8) 1.3+0.3(8)° 231+ 74
No./10° blood 14 =5 (2) 33 27 (3 252 +163

“ Female B6D2F1 mice (12-15 weeks old) were administered 0 5 ml
saline or 150 ng riL-1 tv i.p. injection 20 h before assay.

" Cells were pooled from both femurs and the spleens of three t.aice per
group in each study.

* Number of studies.

“Mean = SD calculated from the percentage of the number from rlL-
1-injected mice/saline-injected mice of individual studies.

“ Significantly different ;vom saline-injected mice at P < 0.05.

" Values represent the mean + SD of mean values from three plates per
group.

distribution of mature hematopoietic cells and GM-CFC.
Neutrophilia and a lymphopenia were observed within 2 h
after rlL-! injection. After 24 h. peripheral blood values
were returning to normal. Twenty hours after rIL-1 injec-
tion, bone marrow GM-CFC content was 77% of values
from saline-injected mite. Also, there was approximately a
twofold increase in the number of GM-CFC in the blood
and spleens from rlL-1-injected mice. An increase in the
number of GM-CFC in S phase of the cell cycle as deter-
mined by in vivo hydroxyurea treatment was observed in
the spleen, but not in the bone marrow of mice 20 h after
rIL-1 injection.

Stork et al. (13) observed a twofold increase in the white
bloed cell count in mice 6 h after rIL-1 injection. This in-
crease was associated with an increase in the number of
neutrophils. Similarly, in the present report, neutrophil
counts in the blood were increased in mice after rIL-1 injec-
tion. However, there -vas no increase in total white blood
celis due to a comparable decrease in the number of lym-
phocytes. A lymphopenia has also been observed in rats af-
ter rlL-1 injection (22).

Others demonstrated that there was a comparable de-
crease of neutrophils in the bone marrow associated with
the increase in the number of neutrophils in the blood after
rIL-1 or endotoxin injection (22-23). Data in the present
report and in an earlier report (3) demonstrated that rIL-1
injection induced a decrease in bone marrow cellularity.
Neta et al. (16) observed a 25% increase in the proportion
of large or blast cells in the bone marrow of mice 20 h after

injection of a radioprotective dose of rIL-1. Metcalf and
Wilson (24) reported a similar increase in the proportion of
large cells such as blasts and myelocytes in the bone marrow
of mice after endotoxin injection. In their studies. this was
consistent with the capacity of endotoxin to induce mobih-
zation of more mature granulocytes from the bone mar-
row (24).

In the present studies there was a reduction in the number
of GM-CFC associated with the decrease in marrow cellu-
larity observed in mice 20 h after rIL-1 injection. Castelli ez
al. (15) also observed a decrease in the number of GM-CFC
in the bone marrow of mice after rlL-1 injection. In those
studies, 6 h after intravenous administration of 0.5 ug/kg
body weight, the number of GM-CFC per femur hud de-
creased to 50% of normal values. By 24 h. the number of
marrow GM-CFC was still only 75% of normal values. In
the present studies and those by Castelli et al. (15) there was
an increase in GM-CFC in blood and spleen associated with
the decreased numbers in the bone marrow. Castelli ¢t al.
(15) also observed an early return of GM-CFC levels in pe-
ripheral blood to normal. These studies suggest that in addi-
tion to neutrophils a radioprotective dose of rIL-1 induced
mobilization of GM-CFC from the bone marrow that was
still evident 20 h after injection.

Earlier studies suggested that the decrease in marrow
GM-CFC content after endotoxin injection is the result of
mobilization of GM-CFC from the bone marrow into circu-
lation, as well as differentiation of GM-CFC to replace the
decrease in bone marrow neutrophils (25, 26). Several re-
ports demonstrated that it is primarily a noncycling popu'a-
tion of GM-CFC that is mobilized from the bone marrow

TABLE IH
Decrease in the Percentage of Colony-Forming Cells after
Administration of Hydroxyurea to Mice 20 h after Saline or
riL-1 Injection

Treatment*

Saline injection rlL-1 injection

Assay® (n)¢ (n)
% Decrease after hydroxyurea?
GM-CFC/femur 43+ 13(4) 47 £ 14 ()
GM-CFC/spleen 41 +14(3) 56 £ 16(3)
CFU-E/femur 76+ 17(H 44 + 15(5)°
BFU-E/femur 46+ 13(3) 29+ 53

9 Female B6D2F1 mice (12-16 weeks old) were administered 0.5 ml
saline or 150 ng rlL-1 by i.p. injection.

b Cells were pooled from both femurs and the spleens of three mice per
group in each study.

¢ Number of studies.

4 Mice were administered DPBS or 900 mg hydroxyurea/kg body
weight 20 h after saline or riL-1 injectic n, and 2.5-3 h later animals were
euthanized for assay.

¢ Significantly different from saline-injected mice ( P < 0.05).
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after endotoxin or dextran injection or extended leukophe-
resis (27-29). Thus an increase in the percentage of GM-
CFC in S phase of the cell cycle would be expected. How-
ever, in three studics of the present report, as determined by
the number of GM-CFC surviving after hydroxyurea treat-
ment, there was no significant increase in the percentage of
marrow GM-CFC in S phase of the cell cycle. These studies
suggest that the decrease in GM-CFC in bone marrow was
a result of rIL-1 injection inducing an early mobilization of
GM-CFC from the bone marrow and a differentiation of
GM-CFC to replace the decreased marrow neutrophil
levels.

Studies in the present report demonstrated that the earlier
recovery of GM-CFC in the marrow of mice irradiated 20
h after riL-1 injection was not dependent upon an increase
in GM-CFC in the marrow or stimulation of granuiopoiesis
at the time of irradiation. However, other studies demon-
strated that rlIL-1 stimulates granulopoiesis ir nonirradi-
ated mice. For example, in studies in which the number
of GM-CFC in the marrow from riL-!-injected mice had
returned to values found in saline-injected mice, there was
an increase in percentage of GM-CFC in S phase of the cell
cycle (3). Also, others demonstrated that marrow GM-CFC
content increased 1.5- (0 2.5-fold above normal values
within 48~72 h after riL-] injection (/3. 15). In preliminary
studies, 3-5 days after injection of 150 ng rIL-1 (Hoffman
La Roche) numbers of GM-CFC in the bone marrow were
2.0 £ 0.7 times greater (n = 3 studies) than in marrow from
saline-injected mice (data not shown). Thus an increase in
marrow GM-CFC content occurred after the optimal time
for radioprotection. In a previous report (3) and studies by
Stork et al. (13). GM-CFC content of the marrow was sim-
ilar for mice 24 h after saline or IL-1 injection. Differences
in dose of rIL-1 administered per kilogram body weight,
timing of assays, batch of rlL-1, and mouse strain are possi-
ble reasons for variations in bone marrow GM-CFC con-
tent. Other studies demonstrated that the amplitude and
timing of IL-1-induced changes in the cellularity of periph-
eral blood and bone marrow in mice and rats were depen-
dent upon the source and dose of IL-1 (6, 13. 15, 22).

Previous reports demonstrated that the serum CSA lev-
els. which increased after rIL-! injection, returned to nor-
mal within 24 h (/3. /4). Studies by Francis et al. (28) also
demonstrated that human blood CSA levels did not corre-
late with granulopoietic activity in vivo. However, their
studies suggested that CSA produced by bone marrow cells
regulated marrow granulopoiesis (28). Interleukin-1 has
been shown to induce the production of CSA and CSF from
a variety of cell types that include cells derived from bone
marrow (8-12). Also earlier reports demonstrated that the
radiosensitivity of GM-CFC could be decreased by an in-
creasing CSA concentration or by changing the source of
CSA (29 and 30). Thus one possible mechanism for the ear-
lier recovery of GM-CFC in tissues of mice irradiated after
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rIL-1 injection is the production of hematopoietic growth
and synergistic factors from cells that are part of the hema-
topoietic microenvironment.
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