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REACTION OF VANADYL WITH HYDROGEN
PEROXIDE. AN ESR AND SPIN TRAPPING STUDY

ALASDAIR J. CARMICHAEL

Radiation Biochemistry Department, Armed Forces Radiobiology Research Institute,
Bethesda, MD 20814-5145 U.S.A.

Vanadyl reacts with hydrogen peroxide forming hydroxyl radicals in a Fenton-like reaction. The hydroxyl
radicals were spin trapped and identified using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). The quantity
of hydroxyl radicals spin trapped during the reaction between vanadyl and hydrogen peroxide are equal
to half of the hydroxyl radicals spin trapped during the rcaction between ferrous ions and hydrogen
peroxide. Experiments in the presence of formate show that this hydroxyl radical scuvenger effectively
competes with DMPO preventing the formation of the DMPO-OH adduct. However, in experiments using
cthanol as the hydroxyl radical scavenger it was not possible to completely prevent the formation of
D* 20-OH. The formation of this additional DMPO-OH in the pretence of ethanol docs not depend on
+ ¢ concentration of dissolved oxygen, but does depend on the concentration of hydrogen peroxide added
t¢ e vaiiadyl solution. The results suggest that the additional DMPO-OH formed in the presence of
cthanol originates from a vanadium (V) intermediate. This intermediate may oxidize DMPO leading to the
formation of DMPO-09 which rapidly decomposes forming DMPO-OH. .

KEY WORDS: Vanadium, vanadyl, hydrogen peroxide, hydroxyl radicals, ESR, spin trapping. \T) / P
-

INTRODUCTION

The oxycation of vanadium (IV), vanadyl (VO*?), has been used for many years as
a spin probe for the metal binding sites in proteins."? Since vanadyl has a single
unpaired electron in its lowest nondegenerate d,, orbital,’ in a magnetic field this
electron interacts with the 'V nucleus (99.7 percent abundant) which has a nuclear
spin, I = 7/2, producing a sharp isotropic eight line ESR spectrum at room tem-
perature. An important property of vanadyl as a spin probe is the susceptibility of the
VO*? ESR spectrum to the motion of the cation in solution. For instance, the ESR
spectrum of VO*? bound to a large slowly tumbling protein is anisotropic. It resem-
bles the ESR spectrum of immobilized VO*? ions in a polycrystalline state or frozen
solution. This difference between the bound and unbound VO*? ESR spectrum has
provided important information with regard to metal ion properties in metallopro-
teins.

In addition to these VO*? spectroscopic properties, some aspects of the VO*+2
chemistry may also prove to be important in biological studies. It has been suggested
for some time that VO*? participates, in the presence of H,0,, in a Fenton-like
reaction generating hydroxyl radicals (-OH).* Brooks et al.* studied the kinetics of
this reaction, however, their emphasis was on the VO*? ESR. Recently, Keller et al.?
using spin trapping have studicd the cffects of vanadium on lipid peroxidation in
micelles of purified and partially peroxidized fatty acids. In this study it was shown
than VO*2 was the active vanadium species that initiated conjugated diene formation
and in the vanadium-catalyzed decomposition of fatty acid hydroperoxides. Further-
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38 AJ. CARMICHAEL

more, it was also implied that foilowing the addition of VO** and H,0, to a micellar
suspension, *OH was involved in the production of conjugated dienes. Keller et al.
have also studied the vanadium-stimulated oxidation of NADH.®

The purpose of the present study is to address, using spin trapping, some important
unanswered questions about the reaction between VO*2 and H,0,. These questions
involve: (1) Is the product of the VO*?/H,0, reaction really -OH or is it possible for
other activated oxygen species to be produced; (2) Are other oxidizing species pro-
duced which may possible mediate free radical mechanisms; (3) If -OH is produced,
how effective is VO*2 in comparison with ferrous ions to produce these in a Fenton-
like reaction?

MATERIALS AND METHODS

Vanadyl Sulfate and Ferrous Ammonium Sulfate were obtained from Fisher Scientif-
ic Co. (Fair Lawn, NJ). The concentration of vanadyl solutions was determined
spectrophotometrically (A = 750nm, ¢ = 18 M~'em™").” Ferrous Ammonium Sul-
fate was titrated with a standard potassium permanganate solution to determine the
ferrous ion concentration.® Hydrogen Peroxide was obtained from Sigma (St. Louis,
MO) and its concentration was also determined by titration with potassium perman-
ganate.® The spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was purchased
from Aldrich (Milwaukee, WI) and was purified following the method described by
Buettner and Oberley.? This method consists of successively treating the DMPO with
activated charcoal until all free radical impurities disappear as verified by ESR. The
concentration of DMPO was measured spectrophotometrically (A = 227 nm,
e =8 x 10°M~'em~").10

To eliminate any trace metals, all glassware was kept permanently soakingina 1:1
mixture of concentrated sulfuric and nitric acids. Immediately prior to use, the
glassware was rinsed with metal free water and dried under a stream of nitrogen. The
metal-free water was prepared by further treating water obtained from a Sybron/
Barnstead NANO pure system with a 0.001 percent dithizone (Sigma) solution in
carbon tetrachloride. This treatment is carried out successively in a separating funnel
until the green color of the dithizone persists. The water was then boiled to rid it of
residual organic .aaterial.

Experiments requiring deaerated or oxygen-free conditions were carried out in an
apparatus described by Russell er al." and Evans.'? This apparatus consists of a
U-tube connected to an ESR quartz flat cell via a ground glass joint, Nitrogen
bubbling through the samples was used to remove oxygen from the solutions. The
required quantities of hydrogen peroxide mixed with metal-free water was placed in
one stem of the U-tube and the DMPO, metal ions and scavengers ethanol or formate
(when required) were placed in the other stem. Nitrogen bubbling was carried out for
20 minutes. However, in experiments requiring ethanol as a scavenger, the solutions
and pure ethanol were saturated separately with nitrogen by vigorously bubbling
prior to placing in the appropriate amounts in the U-tube. After sealing the U-tube,
nitrogen was bubbled through the solutions for approxir..ately 3-5 minutes to insure
that the ethanol concentration remained fairly constant. Once nitrogen bubbling was
completed, solutions were mixed in the U-tube and the ESR spectrum recorded.

Experiments carried out under air-saturated conditions were done by mixing
DMPO, mctal ions, ethanol or formate (when required) immediately prior to addition
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of the appropriate amount of hydrogen peroxide. After addition of the hydrogen
peroxide, the samples were rapidly mixed and transferred t¢ an ESR quartz flat cell
(60 x 10 x 0.25mm) and their ESR spectium recorded.

All ESR spectra were recorded on a Varian E-9 X-band specirometer at 100 KHz
magnetic field modulation. The magnetic field was set at 3350 G, microwave power.
10mW; modulation amplitude, 0.5 G; and microwave frequancy, 9.510 GHz. The
hyperfine coupling constants were obtained by computer simulation generating a
theoretical ESR spectrum that matches the experimental spectrum.

RESULTS AND DISCUSSION

V/hen hydrogen peroxide is mixed with a vanady! solution containing the spin trap
DMPO, an ESR spectrum consisting of a 1:2:2:1 quartet is obtained. This quartet
with hyperfine coupling constants, ay = af, = 149G, corresponds to the
DMPO-OH spin adduct.” In order to verify that the DMPO-OH spin adduct
originates from the reaction of hydroxyl radicals with DMPO, two experiments were
done using formate and ethanol as +GH scavengers."” Figure 1 shows the results
obtained after mixing H,0, (1 mM) with the vanadyl solution (0.1 mM) each contain-
ing DMPO (100 mM) and different concentrations of formate. The ESR spectra from
these soluiions change from the DMPO-OH spectrum (Figure 1A), obtained when
the concentration of DMPO is larger than the formate concentration by a factor of
ten, to an ESR spectrum consisting of a triplet of doublets (Figure 1C) with hyperfine
coupling constants, ay = 15.6G and af, = 18.7G. This ESR spectrum is observed
when the concentration of formate is larger than the DMPO concentration by a factor
of ten. The hyperfine coupling constants are consistent with those reported for the
DMPO-CO; spin adduct," which is produced subsequent to the reaction of hydroxyl

0.01 M Formate
A. ] ! R. Gain
2.5x10°

(ij t/ ! 1 M Formate

~

p R. Gain
' 2.5 x10°
El ! ’
| |

FIGURE 1 ESR spectra of DMPO-OH and DMPO-COj spin adducts obtained in the reaction of VO**
with H,0, in the presence of DMPO and varying concentrations of formate.
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radicals with formate in the presence of DMPO. Figure 18 shows the ESR spectra of
DMPO-OH and DMPO-COj . These spectra are obtained when the formate and
DMPO concentration are approximately equal, The results shown in Figure 1 are
consistent with DMPO and formate, which react with hydroxyl radicals at similar
rates (k > 10°m~'s™"),”* competing for hydroxyl 1adicals in the solution. Therefore,
the results in Figure 1 verify that hydroxyl radicals are produced in the reaction
petween vanadyl and hydrogen peroxide.

Ethanol and DMPO also react with hydroxyl radicals at similar rates. However, the
results obtained from experiments in which vanadyl and hydrogen peroxide are mixed
in the presence of DMPO and varying concentrations of ethanol (Figure 2) are not
consistent with the results obtained in the formate experiments. In the experiments
using ethanol as a hydroxyl radical scavenger, the DMPO-OH ESR spectrum persists
at high concentrations of ethanol. Figure 2A shows the DMPO-OH ESR spectrum
obtained when vanadyl (0.1 mM) is mixed with hydrogen peroxide (1 mM) in the
presence of DMPO (100 mM) and ethanol (10mM). When the concentration of
ethanol and DMPO are similar two spin adduct ESR spectra are obtained (Figure
2Bj). One corresponds to the DMPO-OH and the other consists of a triplet of doublets
with hyperfine coupling constants, ay = 15.8G and af} == 22.8 G. These parameters
are consistent with the reported hyperfine coupling constants for the DMPO spin
adduct obtained in the reaction between ethanol and hydroxyl radicals.” Figure 2C
shows the ESR spectrum obtained following the reaction of vanadyl with hydrogen
peroxide in the presence of 1.7 M ethanol. Although this concentration of ethanol is
larger than the DMPO concentration by approximately a factor of 20, the
DVIFO-OH ESR signal persists. The formali.» of DMPO-OH at high concentra-
tions of ethano} relative to DMPO occurs in air-saturated and nitrogen-saturated

0.01 METOH
R. Gain 2.5 x 10?
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FIGURE 2 ESR spectra of DMPO-CH and DMPO-CH(OH)CH, spin adducts obtained in the reaction
of VO*? with H,0, in the presence of DMPG and varivus concensrations o5 ethanol.
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FIGURE 3 (A) DMPO-OH ESR signal intensity as a functions of increasing concentration of ethanol
in the VO**H,0, resction. (B) DMPO-OH ESR signal intensity as a function of hydrogen peroxide
concentration obtained during the VO*2[H,0, reaction in the presence of a constant concentration of
ethanol.

solutions, therefore, its production does not depend on the dissolved oxygen in the
solution. Furthermore, although this property of the vanadyl/H,0, reaction is not
immediately obvious when formate is used as a hydroxyl radical scavenger, it does
occur when other reagents less polar than water such as dimethylsulfoxide are added
to the vanadyl solution. It is possible that this property of the vanadyl/H, 0O, reaction
is due to solvent effects, occurring in solvents less polar than water. The results in
Figure 2 suggest that when the reaction of vanadyl with hydrogen peroxide is carried
out in the presence of ethanol, another species capable of forming DMPO-OH is
generated in addition to hydroxyl radicals.

Since the formation of this additional DMPO-OH is not dependent on the dis-
solved oxygen, it is important to determine whether or not its production, prior 1o
proposing possible mechanisms, depends on the concentration of hydrogen peroxide.
Figure 3 shows the. results of these experiments. Figure 3A shows the DMPO-OH
ESR signal intensity as a function of ethanol concentration following the mixing of
hydrogen peroxide (1 mM) with a vanadyl (0.1 mM) solution containing DMPO
(100 mM). It should be noted that at ethanol concentrations above 1 M, virtually no
DMPO-0H should be observed if only hydroxy! radica:s were responsible for the
DMPO-OH signal in the absence of ethanol. Instead, at these concentrations of
ethanol relative to DMPO only the triplet of doublets described in Figure 2 should
be observed. Figure 3B shows the results obtained after varying the concentration of
hydrogen peroxide mixed with several vanadyl solutions (1 nM) containing DMPO
(100mM) and a constant concentration of ethanot (1.7 M). Because the ESR signal
intensity of the DMPO-DH and the CH;~-CHOH adduct of DMPO simuitaneously
decrease as the hydrogen peroxide concentration is decreased, the ratio of both spin
adducts is plotted against the hydrogen peroxide concentration. The results in Figure
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3B indicate that the DMPO-OH originating from sources other than the addition of
hydroxy! radicals to DMPQ, formed directly in the vanadyl/H, 0, reaction, depends
on the concentration of hydrogen peroxide in the solution. At a concentration of
hydrogen peroxide larger than the vanadyl concentration by a factor of three, the
formation of additional DMPO-OH remaind constant. At lower concentrations of
hydrogen peroxide relative to vanadyl, the additional DMPO-OH decreases until
disappearing. This occurs at a concentration of hydrogen peroxide five times lower
than the vanadyl concentration.

Other than the reaction of directly formed hydroxyl radicals with DMPO, several
pathways leading to the formation of DMPO-OH are possible. One alternative is that
superoxide radicals are produced via a mechanism that does not involve dissolved
oxygen. It is known that in an aquecus environment the superoxide spin adduct of
DMPO, DMPO-O5, rapidly decomposes forming DMPO-OH.' 1t is conceivable
that superoxide could be produced via the following reaction:

O + H:Oz -+ Hzo + HOE (l)

However, the rate of this reaction (k = 2.6 x 10’M~!s=") is relatively slow com-
pared to the rate of the reaction between hydroxyl radicals and DMPO." Therefore,
for reaction (1) to occur in the experiments described, a concentration of hydrogen
peroxide one hundredfold larger than the DMPO concentration would be required.

Another alternative that may cause the formation of DMPQO-OH in the vanadyl/
H, 0, reaction in the presence of ethanol could be a reactive vanadium intermediate.
Several of these intermediates have been reported previously; however, one that seems
possible is the vanadium (V) complex, OVOO?**.* Although the ESR spectrum of this
complex is not observed in the aqueous experiments described in this work, it has been
observed when higher initial vanadyl concentrations are used.* However, in ethanol
or DMSO and with the initial vanady! concentration used in this work, an eight line
ESR spectrum similar to the one reported for OVOO?*? in water is observed.

There are two reaction schemes which could possibly explain the formation of
DMPO-OH as a product of the reaction-between DMPO and OVOO**. The first
involves a direct addition of OVOO*? to DMPO followed by the decomposition of the
spin adduct as shown in reactions (2) and (3):

2
OVOO- + DMPO — DMPO-00VO*? @)
DMPO-00VO+? 2, DMPO-QOH + VO** (3)

The second scheme shown in reactions. (4) through (6) involves the oxidation of
DMPO by OVOQ?2. This reaction could form a DMPO™* intermediate which rapidly
adds a hydroxide anion to form DMPO-OH.

2
OVOO- + DMPO - DMPO* + VO*? + Of @
DMPO* + OH- - DMPO-OH )
DMPO 4 OF » DMPO-05 ©)

The superoxide spin adduct of DMPQ formed in reactions {3) and (6) would rapidly
decompose generating DMPO-OH. Since the pH of the reaction mixtures ranged
between pH S and pH S.5, due to the instability of vanadyl at pH > 5.5, it would
appear the reactions (2) and (3) are favored over reactions (4) through (6). However,
at this time it is difficult to differentiate between both reaction schemes because only

e
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the end products, which are the same for both schemes, are observed. A possible
explanation for the hydrogen peroxide effect shown in Figure 3B is the following: at
lower hydrogen peroxide concentrations relative to DMPO, the hydrogen peroxide is
the llmltmg factor in the reaction and is consumed prior to sufficient formation of
OVOO* for its reaction with DMPO to be observed. However, at high concentrations
of hydrogen peroxide relative to DMPO, vanadyl is being generated again (reaction
3 and 4) and continuously reacts with hydrogen peroxide until all, the hydrogen
peroxide is consumed. Therefore, it is possnble that suflicient OVOO-2 is produced
allowing its effect to be observed. Since in water and at the initial vanadyl concentra-
tions used in the experiments the OVOO*? intermediate is not observed, it is possible
that this may be the reason why the results observed in the experiments containing
ethanol (Figures 2 and 3) are not similar to those in which formate was used (Figure 1).

At this point, the results have shown that vanadyl in the presence of hydrogen
peroxide effectively generates hydroxyl radicals. In addition, the results have suggest-
ed that at lower vanadyl concentrations and in environments less polar than water,
a vanadium (V) intermediate may be produced which is capable of oxidizing DMPO
leading to the formation of DMPQO-OH. It is anclear at this time what implications,
especially in biological systems, the formation of such an intermediate may have, It
is possible that given the appropriate environment, such a vanadium (V) intermediate
may act in a similar manner as the intermediate postulated for iron in its reaction with
hydrogen peroxide.'”"

For biological purposes, it is of interest to determine how vanadyl compares with
ferrous ions in its capacity to form hydroxyl radicas in the presence of hydrogen
peroxide. Figure 4 shows the results obtained when separate solutions of vanadyl
sulfate and ferrous ammonium suifate of equal concentrations (0.1 mM) are mixed

A. Control
No VO?* or Fe?*

s SN it

8. Vanadyl Sulfate
B I

J 0g,
C.

Ferrous Ammonium
Sulfate

A

FIGURE 4 DMPO-OH ESR signal obtained in the reactions of vanadyl and ferrous ions with hydrogen
peroxide at pH 5-3.5.
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with hydrogen peroxide (1 mM) in the presence of DMPO (100 mM). Figure 4A is the
control consisting of DMPO (100 mM) mixed with hydrogen peroxide (1 mM) and
indicates that no spin adducts are formed. When the metal ions are included in the
solutions the results show that the DMPO-OH originating from vanadyl (Figure 4B)
is approximately half the DMPO-OH originating from the ferrous ions (Figure 4C).
In addition, another DMPO spin adduct is also observed in Figure 4C. This spin
adduct consists of a triplet of doublets with hyperfine coupling constants,
ay = 15.5G and af, = 22.8 G. These parameters are identical to the hyperfine coup-
ling constants reported by Floyd et al.” for the 1-nitrosopyrroline spin adduct of
DMPO. Therefore, it is possible that the additional spin adduct observed in Figure
4C corresponds to the interaction of a DMPO radical with DMPO. This triplet of
doublets is also observed at higher vanadyl concentrations when reacted with hy-
drogen peroxide in the presen.:e of DMPO.

Although the experimental resulis shown in Figure 4 indicate that in the presence
of. hydrogen peroxide ferrous ions are more efficient than vanadyl in producing
hydroxyl radicals, it must be kept in mind that these reactions were carried out using
solutions of plain inorganic salts. It remains to be determined if this property is true
when these metal ions are chelated by complex biological systems.
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Summary—Exogenous administration of arachidonic acid, prostaglandins PGF,x, PGD, and PGE,
increased potassium-stimulated uptake of calcium in rat brain synaptosomes from the brain of the rat,
but had no effect on the basal uptake of calcium. Arachidonic acid-induced uptake of calcium was
mediated by its prostaglandin metabolites, because a cylooxygenase inhibitor, indomethacin, inhibited the
response. L-Type calcium channel blockers, such as verapamil, diltiazem and nimodipine, blocked both
KCl- and prostaglandin-enhanced potassium-stimulated influx of calcium in the brain. These results
suggest that prostaglandins act as a calcium ionophore, through L-type voltage-sensitive calcium channels.

Key words—arachidonic acid, brain, calcium, prostaglandins, synaptosomes.

The formation of prostaglandins, prostacyclin,
thromboxanes or leukotrienes in different cells re-
quire arachidonic acid, a naturally occurring cis-
polyunsaturated fatty acid that is found primarily
esterified to membrane lipids in mammalian cells
(Samuelson, 1981). The release of arachidonic acid
from lipids may be an carly step in the mechanism of
action of some secretagogues (Samuelson, 1981).
Prostaglandins are synthesized in response to various
stimuli and are known to modulate numerous physio-
logical functions, including central ones (Chiu and
Richardson, 1985; Oliw, Granstrom and Anggard,
1983). Prostaglandins have been demonstrated to be
involved in thermoregulation (Milton and Wend-
landt, 1970; Ueno, Narumiya, Ogorochi, Nakayama,
Ishikawa and Hayaishi, 1982), induction of sleep
(Ueno, Ishikawa, Nakayama and Hayaishi, 1982;
Ueno, Honda, Inoue and Hayaishi, 1983; Ueno,
Osama, Urade and Hayaishi, 1985), nociception
(Horiguchi, Ueno, Hyodo and Hayaishi, 1986;
Ohkubo, Shibata, Takahashi and Inoki, 1983),
anticonvulsive effects (Forestman, Heldt, Knappen
and Hertting, 1982), release of neurotransmitters
(Higashida, Nakagawa and Miki, 1984; McGee,
Simpson, Christain, Mata, Nelson and Nirenberg,
1978) and other actions (Wolfe, 1982; Wolfe and
Coceani, 1979). In addition, prostaglandins elevate
levels of 3',5'-cyclic adenosine monophosphate cyclic
(cAMP) and cyclic guanosine 3',5-monophosphate
(cGMP) in neural tissue (Gilman and Nirenberg,
1971; Hamprecht and Schuitz, 1973),

Calcium is important in a variety of functions, in
both the central nervous system and in peripheral
tissues. In neural tissue, the influx of calcium into
presynaptic nerve eadings initiates events leading to

release of neurotransmitter and in heart and in
smooth muscle, calcium couples excitation to con-
traction. The entry of calcium into these tissues
appears to be mediated by voltage-sensitive calcium
channels (Hagiwara and Byerly, 1981). Several classes
of compounds have been shown to interact with these
channels. The most important class has been the
dihydropyridine calcium antagonists, such as nitren-
dipine and nimodipine. Drugs from other chemical
classes, such as verapamil and diltiazem, also act as
calcium antagonists (Schwartz, 1982).

Because arachidonic acid and/or its metabolites
may be intracellular effectors of calcium-mediated
secretion, the effect of exogenous administration of
arachidonic acid and prostaglandins- on basal and
potassium-stimulated influx of calcium into synapto-
somes was studied. In addition, the effect of calcium
channel blockers on the uptake of calcium was
studied.

METHODS

Materials

Arachidonic acid, prostaglandins PGF,x, PGE,
and PGD,, verapamil hydrochloride, diltiazem
hydrochloride and indomethacin were purchased
from Sigma (St Louis, Missouri) and were dissolved
in ethanol. Nimodipine was a gift from Miles Labora-
tories Inc. (New Haven, Connecticut) and was dis-
solved in dimethyl sulphoxide (DMSO). Because
nimodipine is sensitive to light, experiments were
done using amber-colored test tubes. The #CaCl, was
purchased from New England Nuclear.
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Preparation of tissue and uptake of calcium

Male Sprague-Dawley rats, weighing 200-300 g
(Charles River Breeding Laboratories, Kingston,
New York), were used in these experiments. The
crude synaptosomal (P,) fraction was prepared by a
modification of the method of Gray and Whittaker,
1962. The final pellet was resuspended in ice-cold
incubation medium (NaCl, 136 mM; KCl, 5mM;
CaCl,, 0.12mM; MgCl,, 1.3 mM,; glucose, 10 mM;
Tris base 20 mM; pH adjusted to 7.65 with 1.0M
maleic acid), to provide a concentration range of
approximately 4-6 mg protein/ml,

For the determination of the uptake of calcium,
0.48 ml of the synaptosomal preparation was pipetted
into test tubes and incubated for approximately
14 min at 30°C in a Dubnoff metabolic shaker, in the
presence or absence of various concentrations of
drugs, as described later, The drugs were added in a
20-p1 volume to make final incubation volume of
0.5ml. For control samples, 20 ul of incubation
medium, with various concentrations of ethanol or
DMSO, werce added. For these experiments, 0.5 ml of
depolarizing or nondepolarizing solution containing
#Ca®* (3 uCi) was added for 3sec. The uptake of
calcium was terminated by the prompt addition of
5ml or an ice-cold EGTA stopping solution (NaCl,
136 mM; KCI, 5mM; MgCl,, 1.3mM; EGTA
[ethylene-glycol-bis-(beta-amino-ethyl ether) N,N’-
tetraacetic acid), 3 mM; glucose, 10 mM; Tris base,
20 mM; pH adjusted to 7.65 with 1.0 M maleic acid).
The composition of the depolarizing solution was the
same as that of the incubation medium, except that
a portion of the NaCl was isosmotically replaced by
KCl, 1o provide a final concentration of KCl of
65 mM. The nondepolarizing solution had the same
composition as the incubation medium, except for
the presence of **Ca?*. Depolarizing and nondepolar-
izing solutions, added to drug-exposed synapto-
somes, also contained the same concentrations of
drug, to maintain the designated molar relation-
ships. Each sample was immediately filtered under
vacuum through a Whatman GF/B filter, presoaked
with nondepolarizing solution. Each filter was then
washed with two 5-ml aliquots of ice-cold incubation
medium and placed in a scintillation vial, Radio-
activity was determined by liquid scintillation
spectrometry.

To calculate the net uptake of #Ca’* into synapto-
somes, the uptake in the absence of depolarization
(5mM KCl) was subtracted from the uptake in the
presence of depolarization (65 mM KCI). This value
is referred to as ‘k’ (potassium-induced change)
and represents net KCl-induced uptake of calcium
(Blaustein and Ector, 1975; Leslie, Friedman, Wilcox
and Elrod, 1980). Each control and drug experiment
was performed using matched synaptosomal prep-
arations from the same batch. The content of protein
was determined by the method of Lowry, Rose-
brough, Farr and Blaustein, 1951), using bovine
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serum albumin as the standard. All data are ex-
pressed as the mean £ SEM of triplicate determi-
nations. Values for the effect of indomethacin or
calcium channel antagonists on the enhancement by
arachidonic acid, PGF,«x, PGD, or PGE, of the
potassium-stimulated uptake of calcium were repre-
sented as a percentage of control, i.e. responses to
arachidonic acid, "GF,x, PGD, or PGE, in the
absence of indomethacin or calcium channel antag-
onists. Statistical analyses were performed using
analysis of variance (ANOVA) (RS1; BBN Software
Products Corp., Cambridge, MA), for identifying the
main effects, along with subsequent post hoc tests,
when appropriate. Data were identified as significant
if P <0.05.

RESULTS

Prostaglandin PGF,« (10 nM-10 tM) and arachi-
donic acid, PGD, and PGE, (1-30 uM each) in-
creased the entry of potassium-stimulated influx of
calcium (Fig. 1) but had no effect on the basal uptake
of calcium (data not shown). Arachidonic acid
(3 uM)-induced uptake of calcium was inhibited by
indomethacin (1-10 uM) (Fig. 2), a cyclooxygenase
inhibitor, suggesting that arachidonic acid acted
through the formation of prostaglandins. However,
indomethacin had no inhibitory effect on the
enhancement by PGF,x, PGE, aND PGD, of the
KCl-stimulated influx of calcium (data not shown).
Preincubation of the synaptosomes with the voltage-
sensitive channel blockers verapamil (5-30 uM),
nimodipine (1-10 uM) or diltiazem (50-300 uM),
inhibited the potassium-PGF,a- or PGD,- and PGE,-
enhanced potassium-stimulated influx of calcium
(Table 1).
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Fig. 1, Effect of arachidonic acid (CJ), PGF.x (O), PGD,
(V) or PGE; (A) on potassium-stimulated uptake of cal-
cium in synaptosomes from the brain of the rat. Points and
bars represent mean +: SEM values from three separate
experiments, each using triplicate samples.
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Fig. 2. Effect of indomethacin (M) on arachidonic acid
(3 uM)-induced potassium-stimulated uptake of calcium
in synaptosomes from the brain of the rat. Values are
mean £ SEM of 3 separate experiments, each using tripli-
cate samples, represented as a percentage of control
the response, in the absence of indomethacin. Net uptake
of calcium evoked by 3uM arachidonic acid was
2.8 +0.05 nmol/mg protein.

DISCUSSION

Synaptosomes provide a useful system for the
study of the biochemical mechanisms that mediate
stimulation-secretion coupling in neurons. The up-
take of “*Ca?* into synaptosomes was comparable
on an nmol/mg basis to other reports (Leslie,
McCormick and Gonzales, 1982; Leslie, Barr and
Chandler, 1983). Potassium-induced depolarization
of synaptosomes from the brain of the rat stimulates
endogenous phospholipase A, which, in turn, releases
arachidonic acid from the phospholipids (Bradford,
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Marinetti and Abood, 1983). The released arachi-
donic acid may then be metabolized by lipoxygenase
or cyclooxygenase to form leukotrienes, hydroxy-
eicosatetraenoic acids or prostaglandins (Samuelson,
1981).

It is possible that some metabolites of arachidonic
acid (lipoxygenase products) act as intracellular
second messengers for presynaptic inhibition, while
others (cyclooxygenase products) act as first messen-
gers on the postsynaptic cell for stimulation (Piomelli,
Shapiro, Feinmark and Schwartz, 1987a).

Pharmacological experiments, performed on the
identified Aplysia interneuron L10 (Shapiro, Piomelli
and Schwartz, 1987) and on Aplysia sensory cells
(Piomelli et al., 1987a; Piomelli, Volterra, Dale,
Siegelbaum, Kandel, Schwartz and Belardetti,
1987b), have demonstrated the involvement of
lipoxygenase products of arachidonic acid in pre-
synaptic inhibition. In both types of cells, the re-
sponses to inhibitory transmitters were mimicked
when arachidonic acid was applied (Piomelli er al.,
1987a). Likewise, cyclooxygenase products of arachi-
donic acid are first messengers on the postsynaptic
cell for stimulation (Piomelli ef al., 1987a) and have
been implicated as the biologically active factui(s),
because cyclooxygenase inhibitors were shown to
inhibit stimulated secretion, while the exogenous
administration of one of several metabolites of cyclo-
oxygenase was shown to reproduce the biological
response (Whitting and Barritt, 1982). However,
many have provided evidence in support of the idea
that arachidonic acid itself may be biologically active
(Kolesnick, Musacchio, Thaw and Gershengorn,
1984).

Because arachidonic acid and its metabolites
have been shown to affect calcium homeostasis in
several types of cell (Barritt, 1981), it is possible
that secretion, stimulated by arachidonic acid or its

Table 1. Effect of calcium antagonists on the enhancement by PGF,z, PGD, or PGE, of the
potassium chloride-stimulated uptake of calcium or potassium chloride-stimulated uptake of
calcium in synaptosomes from the brain of the rat

Concentration of

Concentration of prostaglandins and KCl

calcium antagonists: 100nM PGFyx  3uM PGD, 3uM PGE; 65mM KCI
Verapamil:
Sug 85% % 0.03 90% +0.02  88% +0.01  75% +0.02¢
10 ug 65% +0.01*  68%+0.02* 70%30.01* 50% +0.02¢
30ug 50% £0.01*  45%+0.02* 50% £0.01* 30% +0.02*
Nimedipine:
I uM 80% £ 0.01*  82%+0.02* 80% 40.02* 75% £0.02*
IuM 68% £0.02*  68%1-0.01* 66% +0.01* 52% + 0.02*
10 uM 40% +0.01*  40% +0.01* 35% +0.02* 25% +0.01*
Diltiazem:
50 uM 85% 0.0t 90% £0.02  88% 4002 72% +0.02*
100 uM 65% £ 0.02*  68% +0.02* 67% £ 0.01* 50% + 0.02*
300 uM 48% £0.02* 47% £ 0.02* 50% +£0.02* 35% 0.02*

Values are mean + SEM of three separate experiments, each using triplicate samples, repre-
sented as a percentage of control (PGF,«, PGD,, PGE, or KCli) response in the absence
of calcium antagonists. Net uptake of calcium by 100 nM PGF,a was 2.7 + 0.03 nmol/mg;
3 ug PGDj was 2.7 & 0.05 nmolfmg; 3 uM PGE, was 2.6  0.03 nmol/mg and 65 mM? KCi

was 1.9 £ 0.03 nmol/mg protein.

*Significantly different from control (PGFyx, PGD,, PGE, or KClI) value, without calcium

antagonists: P <0.05.
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metabolites, is mediated by calcium. Inhibition of
arachidonic acid-induced influx of calcium by indo-
methacin in this study demonstrated that arachidonic
acid acts through its cyclooxygenase metabolites,
prostaglandins, in stimulating the influx of calcium,
supporting the results of most previous studies. The
failure of indomethacin to inhibit prostaglandin-
induced influx of calcium suggests that it interferes
only with the synthesis of prostaglandins.

The prostaglandins PGFy, PGE, and PGD, are
the major ones produced (Abdel-Halim, Hamberg,
Sjoquist and Anggard, 1977; Miwa, Sugino, Ueno
and Hayaishi, 1988; Narumiya, Orgorochi, Nakao
and Hayaishi, 1982; Sun, Chapman and McGuire,
1977) in the CNS and their possible functions in the
CNS have been reviewed (Wolfe, 1982; Wolfe and
Coceani, 1979). However, it is not known whether
prostaglandins in the brain are involved in intracellu-
lar calcium homeostasis. In this study, PGF,a, PGD,
and PGE, did not enhance the basal influx of calcium,
which contradicts the results in neuroblastoma of the
mouse and glioma hybrid NG108-15 cells in the rat,
where prostaglandins also induce the influx of cal-
cium (Miwa er al., 1988). However, in the present
study, thesc prostaglandins only enhanced the pot-
assium-stimulated influx of calcitm indicating that
prostaglandins cannot act directly to promote the
influx of calcium. At the present time, it cannot be
explained why prostaglandins have no effect on the
basal levels of uptake of calcium, however, some
suggest that it is due to the inhibition evoked by
the released arachidonic acid, by depolarization
(Lazarewicz, Leu, Sun and Sun, 1983; Piomelli et al.,
1987a).

Although the calcium channel antagonists nimodi-
pine, verapamil and diltiazem represent a chemically
heterogencous group of agents (Schwartz, 1982), they
act through a common locus: the voltage-sensitive
calcium channel. Several types of calcium channels
exist and can be distinguish both physiologically
and pharmacologically. The calcium channel blockers
exert their actions at the L-class of channel, which
is characterized by large conductances, of long
duration. Radioligand binding and chemical studies
have demonstrated that nimodipine, verapamil and
diltiazem interact at discrete sites, associated with a
major protein of the calcium channel (Triggle and
Janis, 1984; Triggle and Janis, 1987). This protein, the
ol subunit, with a molecular weight of 170-195
kdaltons, 1s one of several components of the L-type
calcium channel (Catterall, 1988).

Calcium channel blockers, used in this study,
blocked the potassium-stimulataed influx of calcium
and the prostaglandin-enhanced, potassium-stimu-
lated influx of calcium, suggesting that, in the brain,
prostaglandins and potassium may activate L-type
voltage-sensitive calcium channels. These results sup-
port the finding that nicardipine, another dihydro-
pyridine calcium channel blocker, suppressed the
uptake of calcium induced by PGF,a (Koyama,

Kitayama, Dohi and Tsujimoto, 1988) in a primary
culture of bovine adrenal chromaffin cells.

In summary, these results indicate that arachidonic
acid induces the uptake of calcium in the brain, an
effect that is mediated through the formation of
vrostaglandins and that the potassium-stimulated
influx of calcium and prostaglandin-enhanced, pot-
assium-stimulated influx of calcium may be mediated
through the L-type voltage-sensitive calcium
channels.
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ABSTRACT

Three antiemetic compounds (zacopride, batanopride, granise-
tron [BRL43694]) were evaluated for the production of gastroin-
testinal side effects in the conscious ferret after i.v. or p.o.
administration. Zacopride evoked multiple emetic and defecatory
responses at clinically relevant doses (0.003-0.3 mg/kg) and in
a dose-dependent manner. The oral route was the more potent
one for eliciting emesis (EDs, 0.033 mg/kg). At 0.3 mg/kg p.o.,
zacopride reliably evoked an 80 to 100% incidence of emesis
and a 40 to 80% incidence of defecation. In contrast, batanopride
and BRL43694 i.v. evoked a small (10%) incidence of these side
effects, but only at 0.1 to 10 mg/kg doses. When given p.o.
(0.00003-10 mg/kg), these latter compounds never evoked eme-
sis and significantly reduced (P < .05) the incidence of defecation
below that of vehicle. Responses to zacopride (0.3 mg/kg p.o.)

were challenged by i.p. pretreatment with the 5-hydroxytrypta-
mine receptor agonist 2-methy! serotonin, the 5-hydroxytrypta-
mine receptor antagonist BRL43694, the quaternary atropine
derivative glycopyrrolate, the dopamine receptor antagonist
dompenidone or selective abdominal vagotomies. All compounds
and either bilateral or dorsal vagotomy significantly reduced the
incidence of emesis, but did not abolish it. Latency to first emesis
was delayed by BRL43694, domperidone or dorsal vagotomy.
The data suggest that the emetic response to p.o. zacopride is
mediated in part by 5-hydroxytryptamine receptors residing on
either enteric neurons or vagal afferents. However, the underly-
ing pharmacology of the response may also include activation of
cholinergic and dopaminergic pathways.

Several substituted benzamides and 5-hydroxytryptamine (5-
HT;) receptor antagonists are effective antiemetics for radia-
tion- and cytotoxin-induced emesis in many vomiting species
(Miner et al., 1987, Bermudez et al., 1988; Dubois et al., 1988;
Gylys et al., 1988), including humans (Gralla et al., 1981;
Cunningham et al., 1987; Priestman et al., 1988; Kris et al.,
1988). As part of their pharmacological action, some of the
substituted benzamides also promote gastric motility (Schulze-
Delrieu, 1979; Alphin et al., 1986; Cooper et al., 1988). Although
the gastric stimulant properties exhibited by some of these
compounds can benefit the patient by reinstating normal peri-
stalsis, they may also increase the incidence of diarrhea (Meyer
et al., 1984; Kris et al., 1985). The incidence of such unwanted
side effects has, in some cases, prompted development of 5-
HT; receptor antagonist antiemetics with limited gastric stim-
ulant properties (Fake et al., 1987).
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Zacopride (4-amino-N-[1-azabicyclo(2.2.2)oct-3-yl]-5-chloro-
2-methyoxybenzamide[E]-2-butenedioate), a substituted ben-
zamide and 5-HT; receptor antagonist (Smith et al., 1988b), is
a potent antiemetic for radiation- or cytotoxin-induced emesis
in dogs, cats, non-human primates, and ferrets (Costall et al.,
1987; Cohen et al., 1989; Dubois et al., 1988; Smith et al., 1988a).
In the dog, zacopride has been shown to promote gastric motil-
ity (Alphin et al., 1986). Recently we observed in the ferret that
zacopride, when given i.p. at antiemetic doses, also evoked brief
episodes of retching, emesis and defecation during the 20-min
period before irradiation (King et al., 1988). Because the emetic
phenomenon seemed paradoxical for an antiemctic compound,
the studies reported here were initiated to: 1) explore further
the dose-response properties of zacopride-induced emesis and
defecations; 2) determine whether and to what degree the
occurrence of these responses depended on route of administra-
tion; and 3) compare the incidence of these side effects to
zacopride with their incidence in response to other compounds
with somewhat similar antiemetic and pharmacological prop-
erties, i.e., granisetron {BRL43694; Endo-N-[9-methyl-9-aza-
bicyclo-(3,3,1)-non-3-yl]-1-methyl-indazole-3-carboxamide;
Bermudez et al., 1988] and batanopride (BMY25801; 4-amino-
5-chloro-N-[2-(diethylamino)ethyl}2-(1-methyl-2-oxopropoxy]

ABBREVIATIONS: 5-HT, 5:hydroxytryptamine. (serotonin);.2:CH;.5:HT,.2:methyl. serotonin, BMY25801, batanopride; BRL43694, granisetron; Gl,
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benzamide HCI; Gylys et al., 1988). In addition, emesis to oral
zacopride was challenged with anticholinergic, antidopami-
nergic, or 5-HT, receptor-specific ligands, and selective periph-
eral nerve lesions to determine the underlying receptor speci-
ficity and the peripheral anatomical basis for that response.

Methods

Subjects. Experiments were performed on adult male, fitch, cas-
trated and descented ferrets (1-1.5 kg) obtained from Marshall Farms
(North Rose, :1Y). All animals were Guarantined upon arnval and
screened for evidence of disease prior to release from quurantine.
Animals were housed in stainless-steel modified rabbit or cat cages and
provided commercial ferret chow and water ad hbitum. The animal
quarters were maintained at 15-21°C, 45 to 55% humidity, and 12-hr
light/12-hr dark photocycle.

Catheter implantation. Ferrets with indwelling jugular catheters
for i.v. administration of compounds underwent the behavioral adap-
tation and surgical procedures described by Jackson et al. (1988).
Briefly, the animals were first adapted to wearing a nylon jacket
connected to a stainless-steel cable, which in turn was attached to a
brass swivel at the cage top. After habituation to this tether-harness
system, each animal received a surgically implanted (under aseptic
conditions) catheter in its right jugular vein. The catheter exited the
animal between the scapulae and fed through the cable to the swivel
where it was capped. The catheter was flushed daily with 0.5 ml of
0.1% heparinized sodium chloride (NaCl, 0.9%). The drug studies began
1 week after the surgical procedure. Animals on tether were individually
caged.

Dose dependence and route of administration studies. Eight
to 11 individual animals were used to test each dose of each drug
administered by any single route. Each animal was weighed weekly and
then randomly received, at = 48-hr intervals, a single i.v. or p.o. dose
(range of values in parentheses) of one of the following compounds:
zacopride (0.00003-0.03 mg/kg iv., 0.001-3 mg/kg p.o.), BMY25801
(0.003-10 mg/kg i.v., p.o.), BRL43694 (0.003-10 mg/kg i.v.,; 0.003-3
mg/kg p.o.) or 2-methyl-serotonin (2-CH, 5-HT, 0.003-3 mg/kg i.v,,
p.o.). Vehicle was 0.9% NaCl for i.v., 5% dextrose and H,0 for p.o. All
i.v. injections were given as a bolus in a volume of less than 1 ml; p.o.
volume varied between 1 ml and 3 ml; p.o. administration was with a
syringe so that the animal was required to swallow the solution.

Pharmacological blockade of emesis and defecation to p.o.
zacopride, In order to determine whether and to what degree the
emetic response to p.o. zacopride reflected action at 5-HT or other
receptors, the following compounds were given as pretreatment (i.p.)
20 min prior to p.o. zacopride (0.3 mg/kg).

1. The 5-HT; receptor antagonist BRL43694 (Sanger and Nelson,
1989) was given at a dose equipotent to that of zacopride (0.3 mg/kg).
BRL43694 and zacopride show similar inhibition constant values for
binding to homogenates of entorhinal cortex (1.98 nM for zacopride,
2.72 nM for BRL43694; Barnes et al., 1988a).

2. The 5-HT: receptor agonist 2-CH; 5-HT was given at doses (1.2
mg/kg or 3 mg/kg) that more closely approximate the difference
between the inhibition constant values for it and zacopride (1128 nM
for 2-CH, 5-HT; Barnes et al., 1988a). 2-CH; 5-HT does not cross the
blood-brain barrier.

3. The potent quaternary atropine derivative glycopyrroiate (Ro-
banul®) was given at a dose (0.1 mg/kg) fourfold greater than that
which abolishes intestinal contractions in the conscious dog for 20 min
(Franko et al., 1962). Glycopyrrolate does not cross the blood-brain
barrier and acts primarily on GI function.

4. The D,-dopamine receptor antagonist, domperidone, was given at
a dose (1 mg/kg) that may ameliorate radiation-induced emesis in the
dog (Dubois et al., 1984; Cordts et al., 1987). Domperidone does not
readily cross the blood-brain barrier and has a high affinity for GI
tissue (see Brogden et al., 1982).

For these experiments three different groups (A, B and C) of 10
animals were used. Each animal served as its own control. That is, 48
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hrprio to challenge with a compound selected from the list just shown,
each animal received vehicle (i.p.) as pretreatment, followed 20 min
later by zacopride. These data were used to establish both the baseline
incidence of emesis/defecation to zacopride and the control values for
emetic and defecatory parameters. All animals were retested for their
emetic response to p.o. zacopride with vehicle as pretreatment at the
conclusion of the experiments,

For group A the emetic response to zacopride was first challenged
with BRL43694. After a 48 hr interval, responders to zacopride (vom-
iting animals) were challenged with glycopyrrolate. Nonresponders
(nonvomiting animals) were retested with vehicle pretreatment in order
to re-establish that a response to zacopride would occur. After another
48 hr interval, these latter animals were then challenged with glyco-
pyrrclate. For group B the treatment protocols were identical, except
that animals were first tested with the lesser dose of 2-CH; 5-HT, then
the greater. For group C only a single dose of domperidone was tested.

Vagotomy studies. Four groups of abdominally vagotomized ani-
mals were used in this series of experiments. bilateral (n = 20), ventral
(n = 8), dorsal (n = 8) and sham (laparotomy only, n =9). The methods
for vagotomy are described in King and Landauer (1990). Each animal
was tested for an emetic response to p.o. zacopride (0.3 mg/kg) 48 to
72 hr prevagotomy and 2 to 41 days postvagotomy. The average number
of days postvagotomy on which each group was tested was 15 for
bilateral, 15 for ventral, 18 for dorsal and 36 for sham,

Data collection and statistical analysis. Individual animals were
observed for 30 min following: 1) i.v. and p.o. drug administration to
evaluate dose-response effects, and 2) p.o. zacopride administration in
control conditions, e.g., with vehicle pretreatment or prevagotomy. The
observation period was 1 hr after challenge of response to p.o. zacopride
with receptor ligands or vagotomy. The observer recorded the frequency
of, and latency to, all expulsions, retches and defecations. Episodes of
emesis and retching separated by = 4 min were considered single events.
The following parameters were analyzed from all recorded data: 1)
latency to first emesis or retch; 2) number of emetic or retching episodes;
3) number of expulsions and/or retches; and 4) latency to and number
of defecations (including attempts to defecate). Parameters 1 to 3 can
be individually altered by vagotomy and/or 5-HT, receptor antagonist
treatment (Andrews and Hawthorn, 1987; Hawthorn et al., 1988; An-
drews, et al., 1990). All parameters were tabulated as mean + S.E. for
vomiting and retching animals in each group. For graphic representa-
tion in the dose-response curves, vomiting and retching-only animals
were pooled. Data obtained from the dose-response curves were tested
for statistical significance by chi-square analysis of proportions using
a contingency table. The EDy, value for emesis to oral zacopride was
determined by log-probit analysis. Data obtained from the pharmaco-
logic pretreatments and nerve lesions were compared with the test for
significance of difference between two proportions and the Student’s ¢
test (Bruning and Kintz, 1977). Statistical significance was assumed
when P < .05,

Drugs used. All drugs were prepared weekly (except 2-CH; 5-HT
and domperidone, which were prepared daily) and refrigerated. For p.o.
administration, the compounds were dissolved in a 5% dextrose and
water solution, for i.v. or i.p. administration, a 0.9% NaCl solution.
Domperidone was prepared and injected as a suspension made from a
2% carboxymethyl cellulose vehicle in NaCl. 2-CH, 5-HT was obtained
from Research Biochem., Inc. (Natick, MA); both zacopride and gly-
copyrrolate are compounds from the research of A..H. Robins (Rich-
mond, VA); BMY25801, Bristol-Myers (Wallingford, CT); and
BRL43694, Beecham Pharmaceuticals (Harlow, Essex, UK). Domper-
idone was a gift froin Janssen Pharmaceutica, Inc. (Piscataway, NJ).
Doses of BRL43694 refer to the base; all others to the salt.

Emetic Properties of Zacopride

Results

Emesis and defecations to antiemetic compounds. Fig-
ure 1 illustrates that, of the three antiemetics tested for an
emetic response by either the i.v. or p.o. administration route,
only zacopride produced any significant incidence of emesis.
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Fig. 1. Dose-dependent incidence of emetic or retching responses to
zacoprnide contrasted with BRL43694 and BMY25801 as a function of
administration route. Ferrets observed for 30-min period after drug
administration. Top: response to wv. (bolus) administration. All com-
pounds were dissolved in NaCl. Each data point for BMY25801 and
BRLA43694 represents tests in exght to 10 individual animals, zacopride,
10 to 11. No emetic/retching responses to vehicle were observed (n =
30). Bottom: response to p.o. administration, All compounds were dis-
solved 1n 5% dextrosef/H.O, Each point represents tests in 10 to 14
animals. Statistical significance (*P < .05) for individual data points was
seen at all doses of zacopnde greater than 0.030 mg/kg. For the entire
dose-response curve, 42% of those animals tested vomited after zaco-
pride (P < .05), compared with none for BMY25801 or BRL43694. No
emetic/retching responses to vehicle were observed (n = 30).

When given i.v. at doses ranging between 0.003 and 0.3 mg/kg,
zacopride evoked a 20 to 30% (n = 10/dose) incidence of emesis
or retching at each dose. In contrast, neither BMY25801 nor
BRL43694 given i.v. evoked emesis at doses less .ian 1 mg/kg.
BMY25801 elicited a 10% incidence of emesis a. 1 to 3 mg/kg
(n = 10/dose) and BRL.43694 evoked a 9% incidence of emesis
at 3 mg/kg (n = 1/11). The total incidence of emesis to all i.v.
doses of zacopride (9.9%) did not significantly differ from the
total incidence for all iwv. doses of BMY25801 (3%) or
BRL43694 (2%). When given p.o., the emetic responses to
zacopride were more pronounced than when given i.v,, whereas
BMY25801 and BRL43694 failed to elicit emesis at any dose
tested. 2-CH, 5-HT (data not shown) produced only a single
emetic episode when given i.v. (3 mg/kg; n = 1/9), but never at
lower i.v. doses (n = 38, 9-10/dose) or any p.o. dose (n = 40,
9-10/dose). Although most emetic responses were prompt, the
range of emetic latencies varied from 2 to 25 min, regardless of
administration route or compound. No emesis was observed to
i.v. or p.o. vehicle. The emetic responses to both i.v. and p.o.
zacopride also appeared dose dependent. The ED;, value for
emesis to p.o. zacopride was calculated as 0.033 mg/kg (95%
confidence limits = 0.015, 0.077 mg/kg).

Figure 2 shows that zacopride also evoked a greater incidence
of a defecatory response than did BMY25801 or BRL43694,
regardless of administration route. When given i.v. at doses
ranging between 0.00003 and 0.03 mg/kg, zacopride produced a
9 to 50% incidence of defecation that appeared dose dependent
{n = 10-11/dose). In contrast, a low incidence of defecations
occurred in response to BMY25801 (n = 4/40) and BRL43694
(n = 3/50), but only at doses greater than or equal to 0.1 mg/
kg. A defecatory response was never seen after vehicle. Like
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Fig. 2. Dose-dependent incidence of defecatory responses to zacopride
contrasted with BRL43694 and BMY25801 as a function of administra-
tion route. Ferrets observed for 30-min period after drug administration.
Top: response to iv. (bolus) administration. All compounds were dis-
solved in NaCl, Each data point for BMY25801 and BRL43694 repre-
sents tests in eight to 10 individual animals; zacopride, 10 to 11. No
defecatory responses to vehicle were seen (n = 30). Bottom: response
to p.o. administration. All compounds were dissolved in 5% dexirose/
water. Each data point represents tests in 10 to 14 animals. Significant
individual ditferences were observed among compounds (*, *) and vehicle
(**) at doses equal to or greater than 0.1 mg/kg (P < .05). For all doses
that ranged from 0.003 to 3 mg/kg, defecation to zacopride was 62%;
BMY25801, 12%; BRL43694, 13%. This incidence of defecation to
zacopride differed significantly (P < .05) from that for BMY25801,
BRL43694 and vehicle (dashed line, n = 10/30). The incidence of
defecation to both BMY25801 and BRL43694 was significantly (P < .05)
less than that of vehicle.

the emetic response, the defecatory response to p.o. zacopride
was more pronounced than when given i.v. and it too appeared
to be dose dependent. In p.o. doses that ranged from 0.003 to 3
mg/kg, the overall incidence of defecation was 62% for zaco-
pride, 12% for BMY25801 and 13% for BRL43694. The 62%
incidence of defecation to zacopride was significantly greater
(P < .05) than for BMY25801, BRL43694 or vehicle (n = 10/
30). In contrast, the incidence of defecation to either
BMY25801 or BRL43694 was significantly lower (P <.05) than
for vehicle. Animals (n = 6/33) also defecated after all p.o.
doses of 2-CH; 5-HT (data not shown), but the incidence did
not differ from that for vehicle.

Analysis of the dose-response data for zacopride showed that
both the emetic and defecatory responses were likely to occur
with similar frequency to an identical dose of the drug. That
is, the dose-response curves for the two side effects appeared
identical for i.v. zacopride (r = 0.9754, P < .05) and very similar
for p.o. zacopride (r = 0.7094, P < .10). In addition, the
responses were likely to occur in the same animal. No such
correlation between the two side effects was observed for either
BRL43694 or BMY25801. The latency to emesis after p.o.
zacopride (0.003-0.3 mg/kg) was inversely correlated with the
dose of zacopride (r = ~0.8119, P < .05) whereas the latency to
defecation was not (r = —0.1949); p.o. zacopride (>0.003 mg/
kg) also produced multiple episodes of both emesis/rétching
and defecation. Multiple episodes of emesis or defecation never
occurred in response to BMY25801, BRL43694, 2-CH; 5-HT
or vehicle.

Behavioral responses other than emesis and defecation were
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also observed after i.v. zacopride. At a threshold dose of 0.001
mg/kg all doses of zacopride produced a brief behavioral arousal
that was characterized by standing, then circling the cage. The
arousal period was followed by 20 to 30 sec of an increased
depth and rate of respiration (panting), then 5 i.. J min of
apparent listlessness or sedation from which the animal could
be aroused. Because it was unclear as to whether the apparent
sedation was life-threatening, zacopride was not tested at
greater i.v. doses. Salivation was also occasionally observed,
but none of these behavioral responses was explored in detail.
After 2-CH, 5-HT was given i.v., brief episodes of arousal (0.03-
3 mg/kg, n = 25/39), panting (0.03-3 mg/kg, n = 14/39) and
listlessness (0.1-3 mg/kg, n = 15/29) were also observed. Pant-
ing was observed after i.v. BRL43694 only at the highest dose
tested (3 mg/kg, n = 1/11). No similar, or other, behavioral
effects were observe. ‘n response to i.v. BMY25801 or vehicle.
These responses were never observed with any compound given
p.0.
Pharmacological antagonism of emesis and defeca-
tions to p.o. zacopride by 5-HT; receptor ligands, 2-CHj,
5-HT and BRL43694, The lower dose (1.2 mg/kg) of 2-CH,
5-HT reduced the incidence of zacopride-induced emesis from
90 to 50% but that reduction was not statistically significant
(table 1). This dose of 2-CH; 5-HT also failed to affect the
latency to emesis, the incidence of defecations or their latency
to onset. However, as seen in table 1, both the larger dose of 2-
CH; 5-HT and BRLL43694 significantly reduced the incidence
of emesis to oral zacopride, but did not abolish it. Vomiting
animals were also protected by these compounds, as evidenced
by the significant increased latency to first emesis by
BRL43694. Both compounds also significantly reduced the
number of retches. The frequency of retches returned to control
values during the second 30-min observation period after
BRL43694 and 1.2 mg/kg 2-CH; 5-HT (data not shown). The
number of expulsions was not altered by either compound (data
not shown). During the second 30-min observativn period after
BRL43694 pretreatment an additional animal vomited. Al-
though BRI.43694 did not affect the defecatory response to
zacopride, 2-CH, 5-HT at 3 mg/kg totally abolished it.
Pharmacological antagonism of emesis and defeca-
tions to p.o. zacopride by the muscarinic or dopumine
receptor antagonists, glycopyrrolate or domperidone. As
seen in table 2, both compounds significantly reduced the
incidence of emesis to oral zacopride, but did not abolish it.
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During the second 30-min observation period after glycopyr-
rolate pretreatment, an additional animal vomited. The latency
to the first emetic episode was significantly increased by dom-
peridone pretreatment. Table 2 also shows that both com-
pounds completely abolished the defecatory response to zaco-
pride for the first 30-min observation period. Two glycopyrro-
late-treated animuls and one domperidone-treated animal
defecated during the second 30-min observaticn period.

Vagotomy vs. emesis and defecation to oral zacopride.
Table 3 shows that both bilateral and dorsal abdominal vagot-
omy significantly (P < .05) reduced the incidence of emesis to
zacopride. Bilateral vagotomy also: 1) reduced (but not signifi-
cantly) the number of retches; and 2) abolished expulsions to
zacopride in the two responding animals. Dorsal vagotomy
significantly increased the latency to first emesis (P < .05);
ventral abdominal vagotomy had no effect. Of those seven
animals that vomited to zacopride treatment after ventral
vagotomy, five had multiple episodes. Only in two animals (one
ventral, one sham) did an emetic episode occur during the
second 30-min observation period postvagntomy,

Sham vagotomy had a ma ked effect 0:1 the emetic response
to oral zacopride. After this procedure significantly more ani-
mals (P < .05) vomited after zacopride treatment. In addition,
the number of both expulsions and retches significantly in-
creased in the responding animals (P < .05).

The latency of the defecatory response to p.o. zacopride was
significantly increased by dorsal vagotomy (P < ,05). Another
dorsally vagotomized animal defecated during the second 30-
min observation period. Sham vagotomy caused a significant
reduction in the incidence of defecations (P < .05). For those
animals (n = 8) that showed multiple defecations to zacopride
prior to vagotomy, this incidence was reduced to 25% after
bilateral or dorsal vagotomy (data not shown).

Emetic Properties of Zacopride

Discussion

Dose-response curves for emesis and defecations to
zacopride, BMY25801 and BRL43694, The principal and
most significant finding of this study is that dose-dependent
emetic responses were evoked in the ferret by iv. or p.o.
administration of the antiemetic zacopride, a compound that is
being evaluated for clinical use. Zacopride also evoked dose-
dependent defecatory responses and other behavioral changes.
These side effects to zacopride occurred at clinically relevant,

TABLE 1
Suppression of emetic or defecatory responses to zacopride (0.3 mg/kg p.o.) by pretreatment with the 5-HT, antagonist BRL43694 or the
5-HT; agonist 2-CH, 5-HT
Values are means : S.E.
Pretreatment*
Parameter
Vehicle BRL436%4 Vehicle 2-CH,y 5-HT, Vehicie 2.CH, S-HT,

INo. vomiting or refch- 9/i0 3/10° - 9/10 5/10 9/10 1/10°

ing/tested
Latency to 1st episode 13.3:%3.0 26.1 +2.6* 9428 15.2 £ 4.0 10.7 £ 1.9 (6.0)°

(min)
No. retches 171 +£5.1 57+07* 149 +£24 8.0+ 25" 11.6 £2.0 [6.0]
No. defecating/tested 6/10 7/10 4/10 4/10 5/10 0/10*
Latency to defecation 9.4 + 3.1 18,1 + 4.1 6022 138+ 4.3 6.8 %31 —

-{min)

* Vehicle (NaCl) or drug (BRL43694, 0.3 mg/kg; 2-CH; 5-HT,, 1.2 mg/kg; 2-CH, 5-HT,, 3 mg/kg) given i.p. 20 min before zacopiide administration. All data were

recorded during the 1st 30-min interval after zacopride administration.
®Numbers in brackets representn = 1,

* Statistical significance (P < .05) between vehicle and drug pretreatment by the test for significance of difference between two proportions or the Student's ¢ test for

paired data.
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TABLE 2

Suppression of emetic or defacatory responses to zacopride (0.3
mg/kg p.o.) by pretreatment with a muscarinic (glycopyrrolate) or
dopamine (domperidone) receptor antagonist

Yalues are means % S.E.

King

Pretreatment®
Parameter
Vehcia Glycopytrolate Vehide  Domperidone

No. vomiting or retei-  9/10 4/10* 10/10 510

ingftested
Latency to 1stepi- 14.8%3.0200+34 6217 144+4,0°

sode (min)
No. retches 109%25150+46 124+19 8616

No. defecatingftested  5/10 0/10* 410
Latency to defecation 8.0 :2857.5+05% 75+19
(min)

0/10°

* Vehicle (NaCl) or drug (glycopyrrolate, 0.1 mg/kq, dompendone, 1 mg/kg) gwven
1.p. 20 min before zacopride administration. All data (except 2) were recorded during
the 1st 30-min interval after zacopride administration.

°® Recorded dunng the 2nd 30-min interval after zacopride administration.

* Statistical significance (P < .05) between vehicle and drug pretreatment by the
test for significance of difference between two proportions or the Student’s ¢ test
for paired data.

antiemetic doses (Costall et al., 1987; King and Landauer,
1990). The actions of zacopride contrasted sigmficantly with
the actions of BMY25801 and BRL43694, antiemetics with
profiles somewhat similar to those of zacopride in classic models
for testing 5-HT; receptor characteristics of compounds.
BMY25801 and BRL43694 evoked only isolated emetic re-
sponses when given i.v. and never when given p.o. Defecatory
respenses to these latter compounds were not dose-dependent
when given i.v. and were significantly less than vehicle when
given p.o.

Emesis and defecation in response to zacopride ware previ-
ously observed in ferrets after i.p. administration (King et al.,
1988; King and Landauer, 1990). Emesis to p.o. zacopride in
ferrets has recently been confirmed by Sancilio et al. (1990)
and their EDj, value (0.03 mg/kg; A. H. Robins, personal
communication) for that emetic response is similar to that
reported here (0.033 mg/kg). In contrast, Costall et al. (1987)
reported no side effects to i.v. zacopride in ferrets, but the
animals were anesthetized for its administration and then
allowed 15 to 20 min to recover. The sedation associated with
recovery from anesthesia in that study may have prevented or
masked the side effects reported here. Others have reported no
side effects in response to doses of zacopride ranging from

TABLE 3
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0.00003 to 0.5 mg/kg (i.v., p.o. or i.p.) in cats (Smith et al.,
1988a), dogs (Alphin et al., 1986; Cohen et al., 1989; Smith et
al., 1988b), nonhuman primates (Dubois et al., 1988; Sancilio,
personal communication) and humans (Sancilio, personal com-
munication). The lack of observed side effects in these studies
probably reflects differences among species and routes of ad-
ministration.

The isolated instances of emesis and defecation to i.v.
BMY25801 and BRL43694 have also not been previously ob-
served (Gylys et al., 1988; Bermudez et al., 1988). However, the
doses of BMY25801 and BRL43624 evaluated in this study and
that evoked these responses exceeds the doses used by those
authors. In addition, emesis and defecations as side effects
could have been overlooked by those authors. These events
could have been masked by emesis/defzcuiions that occur nor-
mally in response to cytotoxins and radiation. For example,
BMY25801 was not fully protective for emesis against these
latter stimuli (Gylys et al., 1988; King and Landauer, 1990). In
humans also, emesis has not been reported iz response to either
BMY25801 or BRLA43694 when given i.v. (Zussman et al., 1988;
Carmichael et al., 1988; Cassidy et al., 1988; Plezia et al., 1988;
Smaldone et al., 1988). Although no GI side effects were re-
ported for BRL43694, 38% of patients receiving BMY25801
reported loose stools (Plezia et al., 1988). This latter pattern of
clinically observed GI side effects was found in the present
study in ferrets.

It is especially noteworthy that both BMY25801 and
BRL43694, when given p.o., signifiantly 12duced the incideiice
of defecations when compared with vehicle. Such data suggest
that, when given orally, these compounds could be useful for
counteracting lower GI motility disorders.

Emetic response to oral zacopride. The selective action
of dorsal vagotomy to reduce the incidence of emesis to oral
zacopride suggests that the predominant afferent pathway for
initiation of that emetic response is the dorsal vagus nerve. In
ferrets, the dorsal vagus primarily innervates the dorsal aspects
of the stomach and the coeliac ganglion (MacKay and Andrews,
1983). Andrews et al. (1990) have reported that the emetic
latency to certain compounds given p.o. (e.g., copper suifate) to
the ferret varies inversely with the time of recovery after
vagotomy. It is thus unlikely that the increased latency to
emesis after dorsal vagotomy is confounded by the time of
testing with zacopride.

Effect of vegotomy on emetic or defecatory responses to zacopride (0.3 mg/kg p.o.)

Values are means = S.E.

Sham Vagolomy
Unilataral
Parameter® Bilateral
Dorsal Vontral
Pre Post
Pre Post Pre Post Pre Post

No. vomiting or retching/ 5/9 9/9°* 16/20 2/20* 8/8 2/8* 6/8 7/8

tested
Latency to 1st episode 13.8+ 3.4 86 £16 11919 135x565 122122 23.0°+20 112%+17 124+19

(min)
No. expulsions 1.2+ 04 23"+ 03 14 +£0.2 0 1.7 +£0.2 1.0 £0.0 1.4+ 03 1.7+£02
No. retches 64+24 146°+t24 103+48 3.0£20 - — - —
No. defecating/tested 4/9 0/9* 13/20 11/20 5/8 4/8 0/8 1/8
Latency to defecation 13.0 £ 5.1 - 13.1 £ 26 92+£1.1 86+20 213*+47 — 22,0

(min)

* All data were recorded for 30 min after zacopride administration; — indicates that data were not recorded.
* Statistical significance (P < .05) between pre- and postvagotomy values by the test for significance of difference between two proportions or the Student's ¢ test for

paired data.
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The untiemetic action of glycopyrrolate implies that zaco-
pride may facilitate ACh release from myenteric neurons, which
in turn may play seme rel2 in the eme is to zacopride. Zucopride
enhances the ACh mediated muscle-twitch in guinen-pig ileum
(Craig and Clarke, 1989) but does not bind at muscarinic ACh
receptors (Barnes et al., 1988a). Likewise, the antiemetic action
of domperidone also suggests a role for dopamisng in media wg
this emetic response. Although the precise role for a dopuiui
nergic mechanism in zacopride-induced emesis is unclear frcm
these data, other evidence suggests that central 5-HT, and
dopamine receptors interact {see Tricklebank, 1989). Costall et
al. (1989) recently reported that the 5-HT, receptor antagonist
ICS 205-930 can partially prevent apomorphine-induced emesis
in the ferret.

The data also strongly suggest that the emesis to p.o. zaco-
pride results from an action at the 5-HT; receptor. This was
demonstrated by the reduced emesis seen after pretreatment
with either the 5-HT; receptor antagonist BRL.43694 or agonist
2-CH, 5-HT. Although emesis was not completely abolished by
either compound, those animals still vomiting after BRL43694
exhibited both a significantly: 1) increased latency to the first
emetic episode; and 2) reduced number of retches. Likewise,
the number of retches was significantly reduced by the lower
dose uf 2-CH,; 5-HT. The actin by the 5-HT; receptor ligands
to ameliorate retching but rot vomiting suggests that subtle
pharmacological differences exist between the underlying
mechanisms for the two events. Such a differential effect on
vomiting vs. retching has been observed with zacopride and
BRL43694 when used as antiemetics for cytotoxin- and radia-
tion-induced emesis (Andrews and Hawthorn, 1987; Dubois et
al., 1988; Hawthorn et ol., 1988). These authors, however, found
a greater percentage decrease in emetic rather than retching
events.

If one accepts that the emetic response to p.o. zacopride is
mediated predominantly by 5-HT}; receptor action, the reduced
emesis in response to dorsal vagotomy implies that these recep-
tors are distributed primarily along the dorsal wall of the
stomach, possibly within the myenteric plexus or along vagal
afferents. In support of this notion, Bingham (1987) has shown
that close intra-arterial injections of 5-HT and 5-hydroxytryp-
tophan in ug/kg doses will evoke an (atropine-sensitive) antral
contraction in the stomacn of the anesthetized ferret. However,
a separate (peripheral or central) pathway must be involved in
the emetic response to oral zacopride since vagotomy does not
completely abolish the emesis.

Several alternative explanations exist that can account for
the partial abolition of zacopride-induced emesis by the 5-HT,
receptor ligands. For example, because 5-HT, receptors are
found throughout the peripheral nervous system (Bradley et
al., 1986), BRL43694 and 2-CH, 5-HT could act at other sites
along the emetic pathway to prevent the emesis. Their distri-
bution or duration of action could also vary across-individual
animals. It seems unlikely that the specific challenging doses
chosen for these compounds were inadequate. Of the three
pretreatments, only BRL43694 failed to abolish the defecatory
response to zacopride.

The enhanced emetic responses to zacopride following sham
vagotomy were unexpected. Although the reason for this re-
sponse is unkuown, it could reflect an increased level of GI 5-
HT production in the response to anesthesia and laparotomy.
According to Gomes et al. (1985), this may last for up to 5
weeks postvagotomy.
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Defecatory response to oral zacopride. In contrast to
the emetic response to oral zacopride, the meidence of a defe-
catory response was totally abulished by glycopyrrolate, dom-
peridone and the higher dvse of 2-CH; 5-HT. Its latency t¢.
onset was also invreased by dorsal vagotomy. Beczase oral
zosogride enhances gastric emptying (Dubois ¢! «l., 1988), that
preparation may have passed .nto the intestine and activated
the more proximal myentesic neurons to stimulate peristalsis.
This could explain the rapidity of the defecatory response and
the fact that dorsal vagotomy significantly increased the latency
of this response. The vagus does contain twe motor pathways
that are reflexly excited by vagal afferent input, one of which
is cholinergic {(Collman et al.,, 1984a,b). However, such a mode
of action for zacopride can only be speculated because the
distribution of vagal fibers in the ferret has not been traced
anatomically beyond the coeliac ganglion (MacKay and An-
drews, 1983).

Other side effects to zacopride administration. It was
also observed that clinically relevant doses of i.v. zacoprids, but
not BMY25801 or BRL43694, produced sedation or listlessness,
which was preceded by a central arousal and labored respira-
tion. We have previously reported sedative-like response to i.p.
zacopride, expressed as a depression of vertical exploratory
behavior (King and Landauer, 1940). In contrast, Costall et al.
(1987) reported that their animals remained alert and active
during the recording period. Such differences could be attrib-
uted to varied observation methods (see King and Landauer,
1990).

The a.vusal and labored respirations followed by listlessness
induced by low doses of i.v. zacopride were mimicked only by
similar doses of i.v. 2-CH; 5-HT. Although the arousal and
listlessness from zacopride may result from central action, 2-
CH, 5-HT does not cross the blood-brain barrier. It is thus
likely that all of these side effects were in response to action
on peripherai 5-HT; receptors by these compounds. Activation
of 5-HT}; receptors in the epicardium, juxtapulmonary capillary
bed and carotid body produce numerous reflexive autonomic
responses. These peripheral responses, which include bradycar-
dia, hypo- and hypertension, rapid shallow breathing and in-
hibition of somatic muscles (for review, see McQueen and Mir,
1989), could account for the observed behaviors.

General significance of results. The most compelling
result from the pharmacological studies was that emesis to oral
zacopride was not totally abolished by any single compound. In
contrast, the defecatory response was completely abolished by
glycopyrrolate, domperidone and 2-CH; 5-HT. Based on these
data, the most likely explanation for these results is that
zacopride acts in the GI tract in a manner analogous to that of
metoclopramide, which stimulates motility by facilitating ACh
release from myenteric neurons (Schulze-Delrieu, 1979; Sanger,
1985, 1987). That zucopride enhances ACh-mediated cnntrac-
ticns in the guinea-pig ileum (Craig und Clurke, 1989), an
action that is mimicked by 5-HT (Sanger, 1985, 1987), supports
this hypothesis. As suggested by the action of domperidone,
however, zacopride may also facilitate dopamine release from
the myenteric plexus, but this has yet to be confirmed in vitro.
Zacopride antagonized 2-CH; 5-H7T-induced contractions of
guinea-pig ileum (Cohen et al, 1989), but the transmitter
mediating these contractions was not defined. It is also possible
that the antidefecatory action of these receptor antagonists
reflects a nonspecific action by zacopride on GI motility. The
incidences of a defecatory response to NaCl plus zacopride
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during one series of experiments (vehicle: tables 1 and 2) were
not significantly greater than that to p.o. vehicle alone in
another (fig. 2 lower, dashed line; n = 10/30).

Undoubtedly, the mechanism by which zacopride evokes an
emetic and/or defecatory response varies with the route of
administration. The emetic responses to i.v. zacopride may
result from action at the chemoreceptor trigger zone in the area
postrema (Borison and Wang, 1953). 5-HT; receptor binding
has been shown in the ferret area postrema (Barnes et al,,
1988b) and emesis to i.v. neurotransmitter receptor agonists is
abolished by area postrema lesion (Carpenter et al., 1984). A
similar action at the chemoreceptor trigger zone might explain
the emetic responses to i.v. BMY25801 and BRL43694, al-
though the greater doses necessary to evoke emesis would
suggest some other, non-5-HT; selective action. Alternatively,
emesis to i.v. zacopride could be in response to activation of
epicardial 5-HT; receptors (see McQueen and Mir, 1989). The
mechanism for evoking a defecatory response after i.v. admin-
istration is unknown.

It can only be speculated as to what attribute zacopride has
that would explain its ability to evoke emetic or defecatory
responses and thus distinguish it so markedly from BMY25801
and BRL43694. Boih zacopride (Smith et al., 1988b) and
BRI.43694 (Sanger and Nelson, 1989) are potent 5-HT; recep-
tor antagonists, but the former stimulates gastric motility (Al-
phin et al., 1986) and the latter does not (Sanger and Nelson,
1989). BMY25801 has not been tested for 5-HT; receptor
affinity (Monkovic et al., 1988). All three compounds attenuate
the Bezold-Jarisch reflex in a dose-response fashion, although
BMY25801 only at greater doses (Gylys et al., 1988). The
complete pharmacological profile exists only for BRL43694,

Zacopride could act as either a partial agonist or mixed
agonist-antagonist at the 5-HT, receptor (see Craig and Clarke,
1989). Such agonist action would explain the finding that i.v,
zacopride and 2-CH, 5-HT evoke similar physiological re-
sponses and that zacopride can be both emetic and antiemetic.
However, agonist action by zacopride would not explain an
emetic response to zacopride but not 2-CH, 5-HT. Alterna-
tively, zacopride is a racemate and the isomers show different
effects on gastric emptying (Wade et al., 1989). Thus the emetic
or antiemetic and other properties of zacopride may be related
to a specific stercoisomer.

In summary, the 5-HT; receptor antagonist and antiemetic
zacopride has also been shown to demonstrate emetogenic
properties at antiemetic doses. This was not seen in response
to two other somewhat similar compounds, BMY25801 and
BRLA43694. The emetic response to zacopride was most pro-
nounced when it was given orally and that emetic response was
attenuated, but not abolished, by prior administration of var-
ious receptor ligands or dorsal vagotomy. That zacopride shows
both emetic and antiemetic properties at similar doses is a
peradoy that hes yet-to be resolved.
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ABSTRACT

The antiemetic and locomotor effects of two substituted benza-
mides, zacopride and batanopride (BMY25801), were compared
in ferrets after bilateral ®°Co irradiation at 2, 4 or 6 Gy. Both
zacopride and BMY25801 were effective against emesis and
related signs. Zacopride, tested at several doses (0.003, 0.03
and 0.3 mg/kg), appeared to be more potent because it abolished
emesis at 100-fold lower doses than did BMY25801 (3 mg/kg).
The EDs, value for the antiemetic effect of zacopride was 0.026
mg/Kg (confidence levels = 0.0095, 0.072 mg/kg). However,
analysis of emetic parameters recorded from vomiting animals
(e.g., latency to first emesis) demonstrated that BMY25801
provided greater antiemetic protection in this population than
zacopride without any apparent side effects. Locomotor activity
was significantly depressed by both radiation (all doses) and

zacopride alone (0.03 mg/kg and 0.3 mg/kg). BMY25801 alone
did not affect locomotor activity, and protected against the
radiation-induced locomotor decrement. Although zacopride po-
tentiated the locomotor decrement to radiation, no clear dose-
response relationship was evident, Bilateral abdominal vagotomy
significantly increased the latency to the first emetic episode and
significantly reduced the number of retches, but did not alter the
duration of the prodromal response to 4-Gy irradiation. Unilateral
vagotomies had no effect. Zacopride (at 0.03 mg/kg and 0.3 mg/
kg) remained an effective antiemetic in animals that received a
bilateral vagotomy, abolishing emesis in four of eight and two of
eight ferrets, respectively. These data suggest that the antie-
metic action of zacopride does not fully depend on intact vagal
innervation and also acts via other pathways.

Several 5-HT; receptor antagonists and substituted benza-
mides provide antiemetic protection for both cytotoxins and
radiation in animal models (Miner and Sanger, 1986; Costall
et al., 1986; Bermudez et al., 1988) and humans (Priestman et
al., 1988; De Haan et al., 1988; Cassidy et al., 1988). One such
5-HT; receptor antagonist and substituted benzamide, zaco-
pride, is 10-fold more potent than two other 5-HT; receptor
antagonists [ICS 205-930 and GR38032}F (ondansetron)] in its
ability to reduce the incidence and severity of cisplatin-induced
emesis in the dog (Cohen et al., 1989). Another compound, the
substituted benzamide batanopride (BMY25801), is presently
in clinical trials as an antiemetic (Plezia et al., 1988; Smaldone
et al., 1988). Although BMY25801 partially antagonizes the
Bezold-Jarisch reflex (an abrupt bradycardia and hypotension
in response to i.v. serotonin; see McQueen and Mir, 1989) in a
dose-dependent manner (Gylys et al,, 1988), it has not yet been
shown to possess 5-HT; receptor antagonist properties.
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Both zacopride and BMY25801 have been evaluated for
antiemetic action in several vomiting species following different
emetic stimuli (Costall et al., 1987; Gylys et al., 1988; Dubois et
al., 1988; Smith et al., 1989). However, their antiemetic action
has not been directly compared in a single species and in
response to a common emetic stimulus, For this study, we chose
the ferret as the animal model and radiation as the emetic
stimulus. Using this experimental paradigm, both the threshold
and the EDy, values for emesis are the lowest described for any
species tested to date (King, 1988).

Although no significant side effects were reported after za-
copride or BMY25801 treatment, more recent evidence contra-
dicts these findings for zacopride. For example, i.v. zacopride
produced a sedative-like action in the ferret (King, 1990). Mild
sedation has also been observed in humans in response to the
5-H'I'; receptor antagonist ondansetron given i.v. (De Haan et
al., 1988; Hesketh et al., 1989; Kris et al.,, 1989). Sedation, a
side effect of some antiemetics, has been quantitatively meas-
ured by decreases in locomotor activity (see Jenner and Mars-
den, 1979). In this study, we evaluated the locomotor behavior
of the ferret following administration of zacopride or
BMY25801 alone or in combination with radiation.

The purpogzs of this study were to determine: 1) the effective
antiemetic dose of zacopride for radiation-induced emesis in

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine {serotonin); £3MY25801, batanopride.
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the ferret, 2) whether zacopride or BMY25801 provides better
antiemetic protection for radiation-induced emesis, 3) the ef-
fects of zacopride and BMY25801 on locomotor behavior at
antiemetic doses; and 4) whether peripheral vagal innervation
is required for the antiemetic action of zacopride. These results
have been communicated in part as abstracts (King and Kieffer,
1988; King et al., 1988).

Methods

Subjects. Experiments were performed on castrated, descented,
adult male (fitch) ferrets (1-1.5 kg) obtained from Marshall Farms
(North Rose, NY). All animals were quarantined upon arrival and
screened for evidence of disease. Ferrets were housed in stainless-steel
modified rabbit or cat cages and provided commercial ferret chow and
water ad libitum. The animal quarters were maintained at 15-21"C, 45
to 55% humidity, and 12-hr-light/12-hr-dark photocycle. At the end of
the experiments, all animals were anesthetized (sodium pentobarbutol,
80 mg/kg, i.p.) and then euthanatized (T-61, 0.3 mg/kg, i.p.).

Experimental design. In experiment I, zacopride and BMY25801
were evaluated for their antiemetic properties and effects on locomotor
behavior. In experiment 11, the mechanism by which zacopride exerts
its antiemetic action was investigated by selective vagotomy.

Effects of antiemetics. Animals recewved 1.p. injecticns of either
sodium chlonde (0.9%, vehicle), zacopnide (0.003, 0.03, 0.3 mg/kg), or
BMY25801 (3 mg/kg) 20 muin before irradiation ur sham irradiation,
There were six to 11 animals per group. All compounds were given in
a volume less than 1 ml. The dose of 3 mg/kg tor BiviY25801 was
chosen for optimum antiemetic action, based on the results of Gylys et
al. (1988).

Effects of vagotomy. Radiation treatment v.as preceded-with
vehicle in ferrets that had previously undergone sham (n = 9), bilateral
(n = 8), dorsal (n = 8) or ventral (n = 8) abdominal vagotomy. Two
additional groups of amimals underwent bilateral abdominal vagotomy,
and were also administered zacopride i.p. at 0.03 mg/kg (» = 8) or 0.3
mg/kg (n = 8) before irradiation.

All abdominal vagotomies were performed under sterile conditions,
Animals were not fed for 12 to 16 hr before surgery, water was provided
ad libitum. The {ollowing morning, ferrets were medicated (i.m.) with
30 mg/kg ketamine hydrochloride (Vetalar, Parke-Davis) and 25 mg/
kg acetylpromazine maleate (Acepromazine Maleate Injection, Tech
America); anesthesia was then maintained with soflurane (1-1.5%) in
0.5 liters/min Q. For all animals, a ventral midline incision was made
below the diaphragm, and the vagi exposed along the esophagus. A §-
mm section ot nerve was then removed from the vagotomized animals.
The niuscle layer was closed with nonabsorbable prohine suture, and
the skin with 4.0 chromic absorbable gut. Animals were monitored
frequently uver a 48-hr postoperative period to ensure uneventful
recovery from the surgical procedure. All amimals were completely
recovered by the time of irradiation.

Radiation procedure and source. In all experiments, animals
received either sham irradiation or bilateral, head-shielded *'Cu radia-
tion at 1 Gy/min as descnibed by King (1988). Irr experiment 1, a 2-, 4-
or 6-Gy dose of radiation was combined with pretreatment of vehicle,
zacopnide or BMY25801. In experiment 11, all ferrets received a 4-Gy
radiation dose. The aversge number of days between vagotomy and
radiation expusure was 17 for bilateral, 17 for ventral, 19 for dorsal and
38 for sham,

Recording of emesis and emesis-related behaviors. Following
irzadiation or sham irradiation, each ammal was placed 1n a 41 cm x
41 cm X 41 cm, well-ventilated Plexiglas arena for 2 hr, An observer
recorded. 1) the Jatency, number and duration of emetic expulsions and
retches, 2) the number of burrowing and hip-licking episodes, and 3)
the number of defecations. Episodes of emesis or retching separated by
=4 min were considered single episodic events. This 4-mun interval
allowed animals to recover from the characteristic posture and other
behaviors (e.g., burrowing) that accompany emesis in this species (King,
1988). All behaviors were timed from termination of irradiation.
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Recording of locomotor activity. Locomotor behavior of each
animal was racorded throughout the 2-hr observation period by an
automated animal activity monitor (Opto-Varimex; Columbus Instru-
ments, Columbus, OH) surrounding the Plexiglas chamber. Infrared
photocells detected horizontal (ambulatory) and vertical (rearing)
movements, Only vertical activity was analyzed because the burrowing
behavior that accompanied emesis (King, 1988; Bermudez et al., 1988)
interfered with recording naturally occurring horizontal movements.
Locomotor activities of ferrets were monitored following irradiation
with and without drug treatment. The sham-irradiated animals received
drug (n = 6/compound) or vehicle (n = 12) as described previously.
Animals were not habituated ta the test chamber to optimize the levels
of locomotor activity.

Data collection and statistical analysis, The following parame-
ters were analyzed from the data recorded by the observer: 1) latency
to first emesis; 2} duration of prodromal period of the acute radiation
syndrome, or time interval between the start of the first emetic or
retching episode and the termination of the final episode (King, 1988,
in humans, the prodromal phase of radiation sickness [see Young,
1986] occurs hours to days postirradiation, and is manifest by nausea,
vomiting, diarrhea, abdominal cramping and fatigue); 3) time spent
vomiting or summed duration of all individual bouts; 4) number of
emetic episodes; 5) individual expulsions and retches; 6) expulsions and
retches per episode; 7) defecations (including attempts to defecate); 8)
burrowing events, and 9) lip-licking episodes. Parameters 1 to 5 and 7
are linearly correlated with radiation dose in the ferret {King, 1988).
Retching can be dissociated from vomiting with 5-HT, raceptor antag-
onists or vagotomy (Andrews and Hawthorn, 1987; Hawthorn et al.,
1988). Parameters 8 and 9 may represent, in ferrets, the behavioral
concomitants of nausea in humans (Bermudez et al., 1988).

The above parameters were tabulated as mean + S.E. for all vomiting
animals in each group. Some data are presented graphically as a
percentage of emetic control (saline + irradiation) animals. The non-
parametric test for proportions (Bruning and Kintz, 1977) was used to
calculate the significant incidence (percent) of emesis in response to
drug treatment or vagotomy. Log-probit analysis was uscd to obtain
the EDy, values for tha antiemetic effect of zacopride across radiation
doses. The effect of drug treatment or vagotomy (with or without drug
treatment) on each parameter was analyzed by analysis of variance.
The nonparametric Wilcoxon test (Siegel, 1956) was used to compare
the vertical activity of the locomotor control group (saline + sham-
irradiation) of animals and the emetic control group (saline + irradia-
tion) with those receiving other treatments. Statistical significance was
assumed when P <.05.

To determine whether zacopride (at any single dose) or BMY25801
provided greater antiemetic protection for vomiting animals, the group-
mean data for each emetic parameter (e.g., latency to first emesis and
duration of prodrormal period) were ¢valuated (table 1). If a significant
difference from the emetic control value was determined by analysis of
variance, the Newman-Keuls' multiple range test for unequal group
means (Kramer, 1956) was applied to that parameter. This test was
used to determine significant differences among drug treatments for
each parameter at each radiation dose. Based on the results of this
analysis, the group mean value for each parameter (at a single drug
and radiation dose) wes scored and ranked. A group mean value re-
ceived a score of zero if it did not significantly differ from that of
emetic contrn] A score of 1 indicated that a group-mean value signifi-
cantly ciffered from emetic control, A score of 2 indicated that a group-
mean value significantly duffered from a group-mean score of 1. Group
means received equal scores if they did not significantly differ from
one anothci. The ranked scores for each drug treatment (e.g, 3 mg/kg
BMY45801) effect un each psrameter \£.g., latency tc emesis) for each
radiation dose {e.g, 2 Gy) were then summed. Averages were taken
from these summed scores, and these averages were ranked according
to the results given by the Kruskal Wallis test for the average rank
sum.

Data from the vagotomized animal: were also analyzed by analysis
of vaniance and the Newman-Keuls' multiple range test for unequal

Zacopride Compared with BMY25801
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TABLE 1
Analysis of emetic parameter, latency to first emesis, in partially protected (vomiting) ferrets
Antiemetic Compound* (mg/kg)
Parameter Ra"‘a(‘g“”m Vetudle Zacoprde BMY25601
0.003 003 03 30
Latency to first emesis® (min) 2 217431 19.2% 1.6 42.3 +13.9 00¢ [55)°
4 12.8 £ 0.4 19.0% 25 26.3 £ 0.7 [71.2) 47.7 £3.9
6 10.7 £ 0.9 64.7 £ 2.2 180+ 11 35.6 £ 3.2
Latency to first emesis® (rank) 2 0 0 1 nt nt
4 0 0 1 nt 2
6 0 nt 2 0 1

* All compounds given 1.p. 20 min before *°Co irradiation at 1 Gy/min.
° All values are means = S.E.; n for each group found in figure 1.

° No retching or emesis during 2-hr recording period.

9 Numbers in brackets represent n = 1.

* Significant difference between vehicle and antiemetics determined by analysis of vanance. Individual differences among antiemetics determined by the Newman-
Keuls multiple range test for unequal group means (Kramer, 1956). Value of zero represents no difference from that for vehicle, value of 1 represents a signihcant
difference (P < .05) from vehicle; value of 2 represents a significant difference (P < .05) from 1; nt = not tested.

group means (Kramer, 1956). Two sets of vagotomized animals were
compared. 1) sham us. ventral vs. dorsal us. bilateral vagotomy, and 2)
bilateral vs. bilateral + 0.03 mg/kg zacopride vs. bilateral + 0.3 mg/kg
zacopride.

Drugs used. All drugs were prepared weekly in a 0.9% saline
solution and refrigerated. Zacopride (4-amino-N-[1-azabicyclo(2.2.2)
oct-3-yl)-5-chloro-2-methyoxybenzamide| E]-2-butenedioate] was a gift
from A. H. Robins (Richmond, VA); BMY25801 (4-amno-5-chloro-N-
{2-(diethylamino)ethyl]2-{1-methyl-2-oxoopropoxy] benzamide HCI)
was a gift from Bristol-Myers (Wallingford, CT). All drugs were ad-
ministered as the salt.

Results

Antagonism of radiation-induced emesis by zacopride
or BMY25801. The two greater doses of zacopride (0.03 mg/
kg, 0.3 mg/kg) and the single dose of BMY25801 (3 mg/kg)
significantly reduced the incidence of radiation-induced emesis
in the ferret. Table 2 describes the emetic dose-response inci-
dence for all drug treatments and also shows that irradiation
with 2, 4 and 6 Gy of *Co evoked emesis in all saline-treated
animals. The elimination of emesis by zacopride appeared to
be dose dependent, with 0.003 mg/kg being inactive and 0.3
mg/kg providirg the greatest protection. The EDs, values for
the antiemetic action of zacopride across the 2-Gy and 4-Gy
radiation doses were identical at 0.026 mg/kg (table 2).

In addition tu preventing emesis to radiation, both zacopride
and BMY25801 ameliorated other paiameters of the emetic

TABLE?2

Effact of pratreatment with zacopride or BMY25801 on the
incidence of radiation-induced emesis

Antiemetic Compound®
Pacabon {mg/kg)
‘(’gj;’ NaCt Zacopride BMY25201
3 0003 003 03 E0® 36
2 10/10° 88 3/8° 0/6° 0.0260 1/10°
4 1010 10/10 3/10* 1/16°  0.0263  11/11
6 8/ ot 3/10° 2/8° nt 6/11°

* Al compounds given b.p. 20 muin before *Co imagiaticn at 1 Gy/min.

° Confidance lavels = 0.0095, 0.072 mg/kg for 4-Gy dose; unabie to test
eonfidence levels for 2-Gy aoce.

* Number of anin.als vomiting per number of animals tested. A animals observed
for 2 hr postirradiation.

“nt = not tested.

* P < ,05 as compared with Nag) treatment; the ncnparametric test for propor-
tions (Bruning and Kintz, 1977).

response in vomiting animals, As illustrated in figure 1, when
compared with vehicle, both compounds increased the latency
to the first emetic episode (table 1) and reduced the duration
of the prodromal period of vomiting. The action of zacopride
appeared to be dose-dependent for most doses of radiation
tested. However, 0.3 mg/kg of zacopride failed to increase the
latency to first emesis after 6-Gy irradiation. The attenuation
of these factors by BMY25801 diminished with increasing doses
of radiation.

Figure 2 shows that both compounds also significantly atten-
uated several other emetic parameters (table 3) in response to
all radiation doses. At 2 Gy and 4 Gy (but not 6 Gy), zacopride
acted in a dose-dependent manner to reduce the incidence of
the parameters shown in figure 2. After 2-Gy irradiation, how-
ever, the reduction of these parameters by zacopride at the
lower doses (0.003 mg/kg and 0.03 mg/kg) was not statistically
significant. The degree to which these parameters were reduced
by either a single dose of zacopride (0.03 mg/kg and 0.3 mg/
kg) or BMY25801 did not differ between the 4-Gy and 6-Gy
radiation doses. The compounds did not significantly affect the
number of expulsions per episode, retches per episode or the
incidence of defecations (data not shown). These parameters
were not included in the final statistical analysis for ranking
because they did not distinguish any ameliorative differences
among the drugs and doses used. Thus, based on the analysis
of the emetic parameters significantly altered by drug treatment
in the partially protected (or vomiting) animals (figs. 1 and 2;
table 1), the therapeutic antiemetic potencies of drugs (on a
mg/kg basis) were ranked as follows: 3 mg/kg BMY25801 >
0.03 mg/kg zacopride > 0.3 mg/kg zacopride > 0.003 mg/kg
zacopride.

During the 20-min interval between zacopride administration
(at 0.03 and 0.3 mg/kg) and radiation exposure, several animals
{n = 9/20) vomited, retched and/or defecated. These paradox-
ical responses to zacopride were further investigated and are
described in a companion paper (King, 1990).

Antagonism of emesis-related bebaviors by zacopride
and BMY25801. Figure 3 shows that burrowing behavior in
response to 4-Gy irradiation-was significantly reduced in all
animals by pretreatment with either zacopride or BMY25801.
The burrowing in response to 2-Gy and 6-Gy irradiation was
also reduced by these compounds, buc that reduction was sig-
nificant for only 0.03 mg/kg zacopride and BMY25801 after 2-
Gy irradiation. In contrast, lip-licking behavior was not signif-
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0.03mgtkg Zacopnde {3)
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Fig. 1. Zacopride and BMY25801 affect latency to and
duration of radiation-induced emesis in partially protected
(vomiling) ferrets. Mean latency (£S.E.; left hand error bar)
to first emetic episode is represented at time of origin of
each bar. Mean duration (+S.E.; right hand error bar) of
prodromal period is represented by length of each bar. N
for each group is in parentheses after each drug dose; nt:
not tested. Control animals were given injections of NaCl
and all compounds were injected i.p. 20 min before *Co
irradiation at 1 Gy/min. Animals were observed for 2 hr
postirradiation. *P < .05 as compared with each emetic
control group (Control); *at left hand error bar = latency;
*at right hand error bar = duration.

80 100
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Percent of Irradiated Control
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SO0 n
9”090 Y
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Time Spent Emetic  Expulsions  Retches
Vomiting Episodes

Fig. 2. Pretreatment with zacopride or BMY25801 reduces the incidence
of emetic parameters in partially protected (vomiting) ferrets after irradia-
tion. All compounds received injections i.p. 20 min before ®Co irradiation
at 1 Gy/min, and animals were observed for 2 hr postirradiation. The
number above each bar (mean =+ S.E.) represents the sample size of
that group; nt = not tested. ‘P < .05 as compared with each emetic
control group (saline) for each radiation dose. Mean values (mean = S.E.)
for the emetic control (saline) groups (table 3).

icantly reduced by either zacopride or BMY25801 (data not
shown).

Effect of zacopride or BMY25801 on locomotor activ-
ity. Most animals in all groups habituated to the recording
chamber 1 hr postirradiation and locomotor, activity was sig-
nificantly reduced during the 2nd hr. The data were therefore
analyzed for intervals of 1 to 30 min and 31 to 60 min postir-
radiation.

When compared with the locomotor control group (saline +
sham irradiation), ferrets treated with zacopride alone exhib-
ited a dose-dependent decrease in locomotor activity that was
significant for the 0.03 mg/kg and 0.3 mg/kg doses during the
first hour postirradiation (fig. 4, D1 and D2). Locomotor activ-
ity, however, was not affected by BMY25801 (fig. 4, D1 and
D2) when administered to the sham-irradiated ferrets.

Radiation alone, at all doses, significantly depressed loco-
motor activity throughout the 1st hr postirradiation (fig. 4, A1,
A2, B1, B2, C1 and C2). During the first 30 min postirradiation,
zacopride failed to protect against this behavioral decrement

150

100

50

100

50

(AD) ssoQ uoneipey

160 -

100

Percent of Irradiated Control

50

Zacopride
Burrowing Episodes

Fig. 3. Zacopride and BMY25801 reduce the incidence of burrowing
episodes in the ferret in response to irradiation. All.compounds were
injected i.p. 20 min before ®Co irvadiation at 1 Gy/min, and animals were
observed for 2 hr postirradiation. The number above each bar (mean =%
S.E.) represents the sample size of that group; nt = not tested. ‘P <.05
as compared with ezch emetic contro! group (saling) for each radiation
dose. The mean values (+S.E.) for the saline groups: 2 Gy, 4.9 = 1.4; 4
Gy, 7.7 £ 1.8; 6 Gy, 29+ 0.9.

and, in some cases, potentiated it (fig. 4, A1 and B1). In
contrast, BMY25801 maintained locomotor activity at levels
comparable with those recorded for the emetic control group of
animals for this 30-min period (fig. 4, A1, B1 and C1). During
min 31 to 60 postirradiation, all zacopride plus radiation groups
exhibited significantly less locomotor activity than the loco-
motor control group (fig. 4, A2, B2 and C2). By comparison,
BMY25801 prevented the depression of locomotor activity at
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Fig. 4. Effect of zacopride or BMY25801 on vertical locomotor activity
following irradiation or sham irradiation. Vertical activity (rearing) was
monitored by an automated animal activity monitor. infrared photodetec-
tors recorded the number of vertical movements. The number above
each bar (mean + S.E.) represents the sample size of that group; nt =
not tested. Radiation exposure: A, 6 Gy; B, 4 Gy; C, 2 Gy; D, sham
irradiation. 1, First 30-min interval (1-30 min) postirradiation. 2, Second
30-min interval (31-60 min) postirradiation. *P < .05 as compared with
locomotor control group (saline + sham irradiation; open bar). P < ,05
as compared with emetic control group (saline + irradiation).

2-Gy and 4-Gy irradiation during min 31 to 60 postirradiation
(fig. 4, B2 and C2).

Effect of vagotomy. When compared with sham-vagotomy,
only bilateral abdominal vagotomy significantly altered any of
the emetic parameters recorded after 4-Gy irradiation (table
4), Bilateral abdominal vagotomy significantly: 1) increased the
latency to first emesis; and-2) reduced the number of retches,
Neither dorsal nor ventral vagotomy significantly affected any
variable. All vagotomized and sham-vagotomized animals ex-
hibited an emetic response to radiation.

The antiemetic action of zacopride was additive to the antie-
metic action of bilateral vagotomy. Thus, when vagotomizad
animals were given zacopride, this treatment combination re-
duced the incidence of radiation-induced emesis (table 3).
When compared with bilaterally vagotomized (vehicle) control
animals, this combination significantly altered several emetic
parameters: 1) time spent vomiting; 2) number of retches; and
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TABLE3

Emetic parameters*® recorded for emetic control (saline) groups®
after various radiation doses

Radiaton Dose
Parameter
26y 4Gy 6Gy
Time spent vomiting(min) 6.2+12 158x14 106x1.6
No. emetic episodes 24+04 4703 44103
No. expulsions 42%£07 97+18 95+13
No. reiches 37.7+86 683+94 680x87

*Values are mean x S.E.
® See figure 2 for effects of antiemetics on these parameters

3) number of retches per episode. Although no significant
difference was found between the doses of zacopride tested, the
trend of ameliorative effect was toward the lower 0.03-mg/kg
dose (table 3). This lower zacopride dose also reduced: 1) the
number of expulsions, expulsions per episode, and defecations
(data not shown); and 2) the incidence of radiation-induced
emesis (P <.05).

Locomotor activity was also monitored in these groups of
animals. Animals that received a ventral vagotomy showed a
significant depression of locomotor activity during the first 30-
min recording interval, when compared with the emetic control
group (data not shown).

Discussion

Effects of zacopride and BMY25801 on emesis. The
principal finding of this study was that two benzamide analogs,
zacopride (0.03 mg/kg and 0.3 mg/kg) and BMY25801 (3 mg/
kg), provided effective antiemetic protection for ferrets exposed
to several 100%-emetic doses of ionizing radiation. Both com-
pounds raised the ED;, for radiation-induced emesis in the
ferret to values greater than untreated control animals (0.8 Gy;
King, 1988), but the small sample of radiation doses precluded
the calculation of precise ED;, values for that response. Never-
theless, our data do show that, for radiation, the ferret appears
as sensitive to the antiemetic properties of zacopride as the
nonhuman primate (0.3 mg/kg p.o.; Dubois et al., 1988). The
0.026-mg/kg ED;, value for zacopride’s antiemetic effect at 4-
Gy irradiation was 10-fold lower than that EDs, value reported
for i.v. BMY25801 (0.24 mg/kg; 95% confidence levels = 0.04,
0.53 mg/kg) at an identical radiation dose (Gylys et al., 1988).

Although zacopride abolished radiation-induced emesis after
the low radiation dose (2 Gy), neither compound totally elimi-
nated emesis to the higher doses (4 Gy, 6 Gy). This finding
agrees with results of other studies that challenged radiation-
induced emesis to high-dose radiation with similar doses of
zacopride or BMY25801 (Gylys et al., 1988; Dubois et al., 1988).
However, this finding contrasts with studies that used these
compounds to challenge cisplatin-induced emesis. In ferrets for
example, BMY25801 attenuates the incidence and frequency
of cisplatin-induced emesis (Gylys et-al., 1988), whereas zaco-
pride totally abolishes it (Costall et al., 1987). In dogs, cisplatin-
induced emesis is abolished by both compounds (Gylys et al.,
1988; Smith et al., 1989). Such differences in antiemetic action
between the two compounds may reflect species differences in
responsiveness to either the emetic stimuli or the antiemetics.

From the detailed analysis of the emetic parameters, a second
significant finding was that BMY25801 provided a greater
antiemetic effect in partially protected (or vomiting) animals
than did zacopride. This result was unexpected because zaco-
pride has a strong binding affinity for 5-HT'; receptors (Barnes




1990 Zacopride Compared with BMY25801 1031
TABLE 4
Action of vagotomy on emetic parameters following 4-Gy irradiation®
Vagotomy
Biateral®
Parameter sham Undateral P ———
Vehicle e
Dorsal Ventral 0.03 030
No. vomiting/no. tested 9/9 8/8 8/8 8/8 4/8t 6/8
Latency to first emesis 14.6 + 2.0t 214 % 2.8t 15.1 +2.2¢ 374 £44 53.0 + 12,6 39.3 8.2
(min)
Time spent vomiting (min) . 4010 27+09 3106 28+05 1.0+ 0.3t 1.4 + 041
No. retches 424 + 6.5t 309+7.0 32.0+48 238 £ 5.9° 43+ 2.3% 13.7 £ 4.0
Retches per episode 132 +1.8 124 %19 10.2+1.2 10.0% 1.4 3.4 +0.9% 9.1+1.6

* Values are mean + S.E.

® All compounds given 1.p. 20 min before *Co irradiation at 1 Gy/min.
* P <.05, compared with sham vagotomy.

1P <.05, compared with bilateral vagotomy.

et al, 1988a); this affinity has not yet been shown for
BMY25801 (Monkovic et al., 1988). The broader antiemetic
protection by BMY25801 was also unexpected because zaco-
pride is more potent (on a mg/kg basis) than some other 5-HT,
receptor antagonists in dogs (Cohen et al., 1989) and is stronger
than BMY25801 for cisplatin-induced emesis in ferrets (Costall
et al., 1987; Gylys et al., 1988).

Our results may reflect the extent to which the data were
analyzed. Gralla et al. (1979) also used a ranking system of data
analysis (the Kruskal-Wallis rank sum test) to evaluate several
antiemetics, These investigators recorded only three parame-
ters of the emetic response: the latency to first emesis, the
number of emetic episodes and the duration of emesis (time
from first to last emesis). Currently, most investigators rely on
a single dose of radiation (or cytotoxin) as the stimulus, and
use a more limited number of emetic parameters for data
analysis, For example, Gylys et al. (1988) used the frequency of
emetic episodes as the measure of antiemetic protection by
BMY25801. Had we analyzed such limited data, we would have
found zacopride to have antiemetic action greater than or equal
to BMY25801. Nevertheless, it appears from our data, and by
inference from that of Gylys et al. (1988), that zacopride is
more potent (on a mg/kg basis) in reducing the incidence of
radiation-induced emesis. Our data suggest, however, that
BMY25801 is the more protective compound for vomiting
animals.

The dose-dependent action by zacopride to ameliorate emetic
parameters within a single radiation dose was expected, How-
ever, zacopride more effectively ameliorated the parameters at
4 Gy and 6 Gy, rather than at 2 Gy. The similar efficacy of
zacopride after 4 and 6 Gy would be expected if the two doses
of radiation were virtually equivalent. In fact, the emetic re-
sponses of the emetic control group- of animals were quite
similar (e.g., mean number of retches; see table 3). In vomiting
animals, however, zacopride (at 0.003 mg/kg and 0.03 mg/kg)
was less effective at the 3-Gy radiation dose than at the 4-Gy
dose. These results were unexpected and suggest that different
mechanisms contribute to emesis produced by low and high

- doses of radiation. This latter suggestion is not new (see Young,
1986), but our data disagree with what would be expected. Davis
et al. (1988) reported that radiation-induced emesis in the
ferret, in response to low (2 Gy) but not high (8 Gy) doses of
radiation, was completely abolished by vagotomy or the 5-HT;
receptor antagonist granisetron. If radiation-induced emesis in
the ferret is vagally mediated by 5-HT'; receptors, then the two

lower zacopride doses should have been more potent at the low
dose of radiation. Qur data imply a more complex role for the
5-HT}; receptor in radiation-induced emesis.

It 's possible that the emetic properties of zacopride contrib-
uted to its failure to provide better antiemetic protection. For
example, when given at 0.3 mg/kg p.o., zacopride evokes an 80
to 100% incidence of emesis (King, 1990); when given 0.3 mg/
kg i.p., a40% incidence. As shown in figure 1, the mean latency
to first emesis for animals given 0.3 mg/kg zacopride and
exposed to 6-Gy irradiation did not differ from the mean latency
observed for the emetic control group. This result does not
conform to the dose-response relationship observed for the
zacopride dose vs. the emetic latency at 2 Gy and 4 Gy, and
could result from emetogenic properties of zacopride. When
combined with vagotomy, the lower dose (0.03 mg/kg) of zaco-
pride also appeared more protective than the higher dose (0.3
mg/kg; table 4). Such data suggest that the antiemetic potency
of zacopride in the ferret cannot be fully appreciated until the
emetic and antiemetic properties have been dissociated from
one another.

Effects of zacopride and BMY25801 on emesis-related
behaviors. Because lip-licking and burrowing by ferrets are
attenuated by treatment with the 5-HT; receptor antagonist
granisetron, they may represent behavioral concomitants of
nausea in humans (Bermudez et al., 1988). Lip-licking occurs
in the conscious ferret in response to other emetic agents and
in the anesthetized ferret to electrical stimulation of the vagus
(King, unpublished observations). Unlike its response to gran-
isetron, we found that the incidence of lip-licking was not
significantly depressed by zacopride or BMY25801.

Zacopride and BMY25801, like granisetron (Bermudez et al.,
1988), significantly reduced burrowing behavior at the lower
radiation doses (2 Gy, 4 Gy). The suppression of this behuvior
was not dose-dependent for zacopride. At the doses used, za-
copride and BMY25801 produced similar levels of disruption.
In contrast, locomotor activity was reduced by only zacopride
(see below). The latter data suggest that the reduced burrowing
does not represent a generalized decrease in locomotor behav-
ior. It is uncertain, however, whether reduced burrowing in
response to antiemetics truly represents reduced nausea-related
behaviors. Burrowing is part of the ferret’s normal behavioral
repertoire and its occurrence after irradiation inay represent a
displacement activity. In turn, antiemetics may act in some
other central or peripheral manner to reduce the incidence of
this behavior.
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Action of radiation, zacopride, and BMY25801 on
locomotor behavior. In rodents, a decrement in spontaneous
locomotor behavior in response to a compound is considered
an index of sedation. Although such sedation has been observed
in response to antiemetic benzamide analogues (e.g., metoclo-
pramide; see Jenner and Marsden, 1979), locomotor behavior
can also be suppressed by other antiemetics (e.g., nabilone;
McCarthy and Borison, 1981; Stark, 1982). Without additional
measurements (e.g., an electroencephalogram), however, it is
unclear whether the radiation- or zacopride-induced suppres-
sion of locomotor behavir* in the ferret represents a central
nervous system sedation. 1. diation-induced decreases in loco-
motor behavior have not been previously reported for the ferret
(King, 1988) but have been reported for other species (Landauer
et al., 1988). This locomotor decrement may represent a behav-
ioral concomitant of the fatigue typically observed as part of
the prodromal response to radiation exposure (see Young,
1986).

Zacopride also produced significant decrements in the ferret’s
locomotor activity that appeared to be dose-dependent. In
addition, zacopride could potentiate the decrement produced
by radiation. If this effect of zacopride represents central nerv-
ous system sedation, it may have contributed to zacopride’s
antiemetic action. However, the zacopride-induced decrement
in locomotor activity may not result from a central nervous
system sedation but rather a peripheral autonomic or somatic
action (see McQueen and Mir, 1989; King, 1990). Others (Co-
stall et al., 1987) have failed to observe altered locomotor
behavior to i.v. zacopride in the ferret, but their data were
collected by gross observation rather than by an automated
activity monitor. In addition, their animals were given zaco-
pride while under anesthesia. The 15 to 20 min required to
recover from anesthesia may have masked any sedation pro-
duced by zacopride.

In contrast to both radiation and zacopride, BMY25801 alone
did not affect locomotor behavior in the ferret. More impor-
tantly, BMY25801 protected against the radiation-induced lo-
comotor decrement recorded during the first 30 min postirra-
diation and provided partial protection during the second 30
min. BMY25801 produced significant locomotor decrements in
the mouse only at the highest dose tested (100 mg/kg i.p.;
Landauer et al., 1990) and lacks sedative effects in both the dog
and squirrel monkey at 12 mg/kg (i.v.) and 11 mg/kg (i.m.),
respectively (Gylys et al., 1988). Thus, in addition to its antie-
metic properties, BMY25801: 1) can protect against some other
effects of radiation; and 2) appears to lack behavioral side
effects when used at therapeutic doses in several species.

Effect of vagotomy. To determine the site of action for
zacopride, its antiemetic effects were evaluated in a series of
irradiated animals that had received visceral vagotomies. When
compared with laparotomy, bilateral vagotomy significantly
inureased the latency to the first emesis and reduced the num
ber of retches. The former response has been observed in other
species (Wang et al., 1958; Carpenter et al., 1986; Borison et al.,
1987). In comparison, zacopride alone produced these effects
and also shortened the prodromal duration and reduced the
number of expulsions. These results contrast with those of
Andrevss and Hawthorn (1987), who found that bilateral va-
gotomy and the 5-HT; receptor antagonist BRL24924 produced
identical effects (i.e., increased latency, shortened prodromata,
and reduced retches and expulsions). Although Carpenter et al.
(1986) also found that vagotomy did r.ot influence prodromal
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duration, the length of postoperative recovery may be a factor
in this response. The vagotomized animals of Andrews and
Hawthorn (1987) were irradiated within 7 days of surgery; our
recovery period averaged 17 days; Carpenter 2t al. (1986) aver-
aged 60 days. Andrews et al. (1990) has reported that for the
ferret, the latency to emesis in response to some emetic com-
pounds (e.g., copper sulfate) varies inversely with recovery time
from vagotomy. Such a relationship may also hold for the
duration of radiation-induced emesis.

We extended the studies of Andrews and Hawthorn (1987)
by administering zacopride to animals that received bilateral
vagotomies and found that the addition of zacopride signifi-
cantly increased the latency to and reduced the duration of
emesis beyond that achieved by bilateral vagotomy alone. Thus,
the action of zacopride does not depend on intact vagus nerves.
This confirms Andrews’ and Hawthorn’s suggestion that ana-
tomical sites other than the vagus are involved in the antiemetic
action of 5-HT, receptor antagonists. One site may be the area
postrema because it exhibits binding for 5-HT}; receptor ligands
in the ferret (Barnes et al., 1988b). Intracerebroventricular
injection of 5-HT; receptor antagonists can ameliorate cyto-
toxin-induced emesis in ferrets (Higgins et al., 1989) and cats
{Smith et al., 1988).

Our vagotomy studies were the first to demonstrate that
neither dorsal nor ventral abdominal vagotomy alone will alter
radiation-induced emesis in the ferret. This may be a reflection
of the bilateral distribution of both dorsal and ventral vagal
afferents found in this species (Fitzakerley and Lucier,
1988a,b). This further contrasts with the differential effect of
dorsal vs. ven'ral vagotomy on the ferret’s emetic response to
agents administered orally (King, 1990).

General significance of findings. In summary, we have
compared the antiemetic and locomotor effects of two substi-
tuted benzamides, zacopride and BMY25801, in the ferret after
irradiation. Zacopride was more potent (on a mg/kg basis),
ameliorating emesis at 100-fold lower doses than BMY25801.
However, analysis of emetic parameters in animals that vom-
ited despite drug treatment demonstrated that BMY25801 pro-
vided broader antiemetic protection than did zacopride. Radia-
tion and zacopride alone, but not BMY25801, also produced
significant decrements in locomotor activity. BMY25801 also
protected against the radiation-induced depression of locomo-
tor behavior, which in turn could be further depressed by
zacopride. The antiemetic action of zacopride appears to be
mediated partially by the abdominal vagus nerve, but that
action also includes other sites. )

The ip. route of administration used in our studies likely
influenced the antiemetic and/or locomotor responses to both
zacopride and BMY25801. For example, when given iv,
BMY25801 reduced emesis to 4-Gy irradiation by 50% (Gylys
et al., 1988), whereas we observed only a reduction in the
intensity of cmetic parameters to an identical dose of radiation,
As another example, zacopride evokes a sedative-like action
when given i.v. to the ferret (King, 1390). This effect is more
pronounced than the one reported here, but is absent when
given p.o. (King, 1990). The appearance of side effects at
antiemetic doses for zacopride may also depend on the animal
species tested. Although zacopride did not affect behavioral
performance in the nonhuman primate, it was administered
p.o. (Dubois et al., 1988).

Nevertheless, our studies confirm that zacopride is an effec-
tive antiemetic for radiation in the ferret, as it is in other
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species for cytotoxins (Smith et al.,, 1988, 1989). The ferret
continues to show much promise as an animal model for pre-
dicting 5-HT; receptor antagonists as potential antiemetics for
human use (Bermudez et al., 1988; Cassidy et ai., 1988; Plezia
et al., 1988). It is likely, therefore, that zacopride will also prove
to be an eftective antiemetic against radiation- or cytotoxin-
induced emesis in the clinic.
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The short biologic half-life of the peripheral neutrophil (PNMN) requires an
active granulopoietic response to replenish functional PMNs and to maintain a
competent host defence in irradiated animals. Recombinant human G-CSF
(rhG-CSF) was studied for its ability to modulate haemopoiesis in normal dogs
as well as to decrease therapeutically the severity and duration of neutropenia in
sublethally and lethally irradiated dogs. For the normal dog, subcutaneous
administration of rthG-CSF induced neutrophilia within hours after the first
injection; total PMNs continued to increase (with plateau phases) to mean peak
values of 1000 per cent of baseline at the end of the treatment period (12-14
days). Bone-marrow-derived granulocyte-macrophage colony-forming cells
(GM-CFC) increased significant]; during treatment. For a sublethal 200 ¢Gy
dose, treatment with thG-CSF for 14 consecutive days decreased the severity
and shortened the duration of neutropenia and thrombocytopenia. The
radiation-induced lethality of 60 per cent after a dose of 350 ¢Gy was associated
with marrow-derived GM-CFC survival of 1 per cent. Treatment with rhG-
CSF markedly reduced the lethality associated with exposure to 350 ¢cGy of
radiation to zero. White blood cell (WBC) and platelet recovery kinetics were
correlated with degree of marrow damage. The rhG-CSF reduced the severity
and duration of neutropenia. Control animals required antibiotic therapy (WBC
<1000 mm?) for a total of 16 days versus 3 days for rhG-CSF-treated dogs. The
duration of thrombocytopenia was reduced, although the severity of depletion
was unchanged with treatment, These data indicate that in the lethally irradiated
dog, effective cytokine therapy with rhG-CSF will increase survival through the
induction of earlier recovery of neutrophils and platelets.

1. Introduction

Survival after exposure to high doses of radiation depends on at least two
factors: the survival of a critical number of haemopoietic stem cells (HSC) and the
ability of these HSCs to generate an effective level of mature granulocytes and
platelets within a critical, clinically manageable time period. The short biologic
haif-life of the peripheral granulocytes and platelets requires an active granulopoie-
tic and thrombocytopoietic response to replenish functional neutrophils and
platelets, to restore and maintain a competent host defence and to prevent
inopportune haemorrhage.

*Presented at the European Late Effects Project Group (EULEP) Symposium at the
22nd Annual Meeting of the European Society for Radiation Biology, 12-16 September
1989, Brussels.

1 Present address: Immunobiology and T'ransplantation Branch, Naval Medical Research
Institute, Bethesda, MD, U.S.A.
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Until recently we could not, with the exception of marrow transplantation,
therapeutically treat radiation-induced stem cell aplasia and consequent sepsis and
haemorrhage, except by providing clinical support, such as administration of fluids,
antibiotics and platelets. Evidence from recent experiments using purified growth
factors in murine (Fujisawa et al. 1986, Tsuchuja et al. 1987, Shimamura et al.
1987, Moore and Warren 1987, Tanikawa et al. 1989, Kobayashi et al. 1987,
Broxmeyer et al. 1987, Cohen et al. 1987, 1988, Kindler et al. 1986, Lord et al.
1986), canine (MacVittie et al. 1988a,b, Lothrup et al. 1988, Lam et al. 1989,
Schuening et al. 1989), and non-human primate (Welte et al. 1987, Monroy et al.
1988, Krumwich and Seiler 1989, Mavyer et al. 1987, Donahue et al. 1986) models of
radiation-induced or drug-induced myelosuppression and in phase I and I clinical
trials (Bronchud et al. 1987, Brandt ¢t al. 1988, Antman et al. 1988, Jakubowski
et al. 1989, Hammond et al. 1989) has provided new and interesting possibilities
regarding therapeutic enhancement of stem cell and progenitor cell recovery.
Additional evidence from in vivo studies has indicated that these recombinant
cytokines can also prime end cells, such as granulocytes, to function more efficiently
(Mayer et al. 1987, Cohen et al. 1988, Kaplan et al. 1989, Baldwin et al. 1988,
Sullivan et al. 1989), Some clinical trials, however, have shown that therapy with
recombinant human granulocyte~macrophage colony-stimulating factor (rhGM-
CSF) did not enhance neutrophil function (Buescher et al. 1988, Jakubowski et al.
1989, Peters et al. 1988, Hammond et al. 1989). Clearly, the design of competent
therapeutic modalities for the use of recombinant cytokines will depend on defining
protocols that balance the ability of these proteins to induce self-renewal and
differentiation of haemopoietic target cells, activation of mature end cells, and
induction of other interactive cytokines.

Here, we studied recombinant human granulocyte colony-stimulating factor
(rhG-CSF) for its ability to modulate haemopoiesis in normal dogs and to decrease
therapeutically the severity and duration of neutropenia and thrombocytopenia in
sublethally and lethally irradiated dogs.

2. Materials and methods
2.1. Dogs

Purpose-bred beagles, mean weight 10-0+0-8kg, were housed in individual
stainless-steel cages in conventional holding rooms of the AAALAC-accredited
animal facility at the Armed Forces Radiobiology Research Institute. The dogs
were provided 10 air changes of 100 per cent fresh air, conditioned to 21 4 2°C with
a relative humidity of 50+ 10 per cent; they were maintained on a 12-h light/dark
full-spectrum lighting cycle with no twilight, and provided with tap water
ad libitum and commercial canine chow. Research was conducted according to the
principles enunciated in the Guide for the Care and Use of Laboratory Animals,
prepared by the Institute of Laboratory Animal Resources, National Research
Council.

2.2. Irradiation and clinical support

Dogs wete bilaterally exposed to uniform, homogeneous, whole-body 60Co
radiation from the AFRRI opposing 5°Co sources, at a dose rate of 40 cGy/min;
total doses, measured at midline tissue depth, were 200 or 350cGy. Radiation
exposure took place in well ventilated Plexiglas restraint boxes (after prior
acclimatization).
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Ringer’s lactate was administered (20ml/kg by slow i.v. drip into a lateral
cephalic vein over 1 h and 20 ml/kg per day s.q. between the shoulder blades) at
signs of dehydration,

An antibiotic regimen was initiated when the white blood cell (WBC) count
dipped below 1000/ and continued daily until the WBC rose above that value for 3
consecutive days. Gentamicin (1:5 mg/kg, q12) and claforan (cephotaxime sulphate,
S5mglkg, ql2) were both given intramuscularly. Fresh, irradiated (1500¢Gy)
platelets, from a random donor pool, were administered when the platelet count
dipped below 40,000/ul. The volume and concentration of platelets infused de-
pended on the yield from donor dogs.

2.3. Cellular analysis

Bone marrow aspirations from the iliac crest were perfornied on intubated dogs
anaesthetized with 4 per cent Biotal solution given i.v. by cephalic vein to the
desired effect. Bone marrow and peripheral blood czlls were separated over ficoll-
hypaque; light-density (< 1:077 g/ml) mononuclear cells (MINC) were washed and
diluted in Dulbecco’s modified Eagle’s medium (DMEN) supplemented with 2 per
cent heat-inactivated fetal calf serum. Heparinized peripheral blood was drawn at
selected intervals for peripheral haematological values (WBC, haematocrit, platelet
counts and differential counts). Marrow smears were also made for differential
counts after staining by DifQuik. Body temperatures were taken daily.

2.4, Canine GM-CFC assay

Marrow and peripheral blood-derived GM-CFC were assayed using the
double-layer agar technique as previously described (MacVittie et al. 1984). Briefly,
colony-stimulating activity (CSA) was provided from pooled plasma from dogs
previously injected with endotoxin. CSA at a concentration of approximately 7 per
cent (v/v), was added to the lower agar layer while marrow-derived or blood-
derived MNC were plated in the upper agar layer at appropriate concentrations for
detection of GM-CFC-derived colonies (> 50 cells) after a 10-day incubation at
37°C in 5 per cent CO, humidified atmosphere.

2.5. Treatment protocol

Normal and irradiated dogs were administered rthG-CSF s.c. in a 5ml bolus,
once per day, on a daily basis. The rhG-CSF was supplied by AMGen Corp.,
Thousand Oaks, CA. This 174-amino acid protein is a nonglycosylated, single-
chain polypeptide, has a molecular weight of 18-6 kilodaltons, is produced by
Escherichia coli, and is purified by a series of chromatographic steps (Souza et al.
1986). The final product was formulated in an aqueous buffer as a sterile solution at
a concentration of 0-53 mg/ml. The rhG-CSF was diluted in sterile, pyrogen-free
Hanks’ balanced salt solution to a final solution for injection.

The dose-response study used three thG-CSF doses at 10 ug/kg, 2 ug/kg and
1 pg/kg of canine body weight per day for 14 consecutive days. Dogs receiving
200 c¢Gy and 350 cGy exposures were injected with the 10 ug/kg dose for 14 and 21
consecutive days, respectively, beginning at 07.00 the day after irradiation.

3. Results
3.1. Normal canines: rhG-CSF dose response and haemopoiesis

A dose-dependent increase in WBC was observed within hours of the first
injection of rhG-CSF, and the WBC counts continued to increase to peak values of
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approximately 900 per cent, 400 per cent, and 215 per cent of control for 10 ug/kg,
2uglkg, and 1puglkg doses, respectively (figure la). The mature, segmented
neutrophil was the predominant cell type, increasing to 1000 per cent of control
levels after the 10 ugfkg dose, with periodic increases in the percentage of the less
mature band forms. Circulating PMNs returned to normal levels within 3-7 days
(depending on dose) after cessation of rhG-CSF injection (figure 1b).
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Bone-marrow-derived GM-CFC (per 105 MNC), after an initial drop in
concentration, increased to a peak value of 180 per cent of control during the 7th
day of rhG-CSF administration (table 1). The concentration of GM-CFC, despite
continued rhG-CSF administration, decreased to within the normal range by the
end of the treatment period. Peripheral-blood-derived GM-CFC increased signifi-
cantly within 3-4 days after initiation of rhG-CSF injections to values 2000 per cent
of baseline. Elevated levels were maintained throughout the treatment period,
however, declining to normal values within 3 days after treatment was terminated.

3.2. Irradiated dogs: 200 cGy sublethal exposure

The rthG-CSF administered from Day 1 through Day 135 after irradiation with
200cGy 9°Co significantly reduced the severity and duration of leukonenia
(figure 2a). WBC from irradiated control-treated dogs decreased within 8 days to
values 23 per cent of baseline, and required 6-7 weeks for recovery to normal
values. The injection of thG-CSF elicited an early rise in WBC (discharge of
marrow neutrophils) through the #th day of treatment. The nadir at Day 5 (\WBC
levels at 30 per cent of baseline) was followed by a marked increase in WBC, which
peaked 1 day after cessation of rh-GCSF treatment at values 145 per cent of
baseline. After treatment ended, WBC decreased to a second nadir at 43 per cent of
baseline by Day 21, but increased to normal levels by Day 27, 3 weeks ahead of the
control animals.

Treatment with thG-CSF also reduced the duration of thrombocytopenia while
having no significant effect on the severity of platelet loss (figure 2b). Platelet levels
in control animals remained depressed (5 per cent of baseline) through 21 days after
exposure. Recovery occurred later, with platelets reaching normal levels by Day 50.
The rhG-CSF-treated animals showed evidence of platelet recovery as early as
Day 15, with significant recovery occurring at Day 19, and reached normal levels by
Day 35, 13 days ahead of the control animals.

Table 1. Marrow and peripheral blood derived GM-CFC?* response to injection of
rthG-CSF.

GM-CFC (percentage of baseline®)

Time (days) Marrow Blood
2 72411 125431
4 163+15 20754350
7 180%12 —
8 — 16504425
10 125+8 17754280
14 10247 33004670
16 — 5254225
17 11545 —
21 11045 100420

2 GM-CFC per 10° mononuclear cells as a percentage of baseline values: rhG-CSF was
injected at 10 ugfkg per day for 14 consecutive days. Marrow and peripheral blood
determinations are from five and six animals, respectively.

b Baseline value for marrow GM-CFC/10° MNC was 46-4, baseline value for blood GM-
CFC was 0-4/10° MNC.

¢ Dashed line indicates no data at that time point.
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Examination of the marrow-derived GM-CFC concentration revealed a signifi-
cant differential in recovery between rhG-CSF-treated animals and control animals
(table 2). The GM-CFC concentration in rhG-CSF-treated animals reached
levels 50 per cent of control within 7 days, while comparable control animals had
GM-CFC concentrations that were less than 10 per cent of baseline.

3.3. Irradiated dogs: 350 cGy lethal exposure

A midline tissue dose of 350 cGy was lethal for 60 per cent of the exposed dogs
(eight of 12) within the 30-day examination period; mean survival time was 20+2
days. This degree of lethality or survival depended on the dogs receiving clinical
support (see §2). The 350 cGy dose was lethal for all canines not receiving clinical
support. The LDgq 30 values for unsupported and supported dogs were 260 and
340 cGy, respectively.
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Table 2. Bone-marrow-derived progenitor cells: GM-CFC recovery after 200¢Gy
irradiation (percenta, 2 of baseline value)®,

Treatment
Day of treatment Control rhG-CSF®

2 541 8+3

4 8+2 1343

7 8+2 488
10 10+2 4247
14 1544 5048
21 2043 8548
28 4645 75+ 11
35 7345 88+10

? Baseline value control and rthG-CSF-treated dogs was 100,

b rhG-CSF was injected at 10 ug/kg per day for 14 consecutive days. Marrow determin-
ations are from 12 animals and four animals for control and rhG-CSF-treated dogs,
respectively,

This model was designed to test whether therapeutic administration of rhG-
CSF into mid-lethally irradiated dogs would increase survival through expansion of
granulopoiesis and production of neutrophils, without exhausting the severely
depleted stem cell pool.

Administration of rhG-CSF, beginning at Day 1 after exposure and continuing
for 21 consecutive days, reduced lethality to zero, reduced the severity of neu-
tropenia and although the severity of thrombocytopenia remained unaffected,
significantly reduced the duration of these respective aplasias (figure 3a,b). All
surviving dogs have normal WBC and platelet levels at 300-350 days post-
exposure,

WBC in rhG-CSF-treated dogs were reduced to the level of control-irradiated
animals for an average of 3 days, versus 15 days for irradiated controls. Recovery of
WBC in rhG-CSF-treated.dogs began at Days 13-14 and rose to levels approxi-
mately 250 per cent of baseline by Day 22, 1 day after treatment ended. WBC
decreased over the following 5 days to levels that remained within the normal
baseline range. Control-irradiated dogs, in contrast, required 60 days or more to
reach within normal levels,

In irradiated controls, platelets required approximately 28 or 29 days to initiate
recovery after exposure to 350 cGy, versus 23 or 24 days in thG-CSF-treated dogs
(figure 3b). Normal values were reached within 46 days and 80 days for rhG-CSF-
treated and control-irradiated dcgs, respectively.

4. Discussion

Our findings demonstrate the therapeutic efficacy of rh-CSF in a canine
preclinical model of moderate to severe radiation-induced myelosuppression. The
therapeutic administration of rhG-CSF reduced the severity and duration of
neutropenia and decreased the period of thrombocytopenia after sublethal and
lethal radiation exposure. Administration of rhG-CSF also dramatically increased
survival, from 40 per cent to 100 per cent, for the animals exposed to 350cGy of
radiation.
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Figure 3. Recovery pattern of (a) peripheral white blood cells (WBC): control ((O); rhG-
CSF (®); and (b) circulating platelets: control (@); rhG-CSF (l); as a percentage of
baseline values (£SEM) after 350 cGy whole-body °Co irradiation in response to
treatment with rhG-CSF. Control values from 12 animals, thG-CSF values from
four animals.

The administration of thG-CSF to normal dogs demonstrated its efficacy in
stimulating marrow-derived granulopoiesis, releasing marrow-derived GM-CFC
into the blood, and increasing peripheral WBC and absolute neutrophil levels.
Peripheral neutrophil levels were increased in a dose-dependent manner, with a
concomitant but modest increase in marrow-derived GM-CFC concentration.
Peripheral neutrophil levels increased to values approximately 1000 per cent of
baseline within 12-14 days of daily rhG-CSF administration, demonstrating the
significant amplification potential of the rhG-CSF target precursor cells. The




Canine whole-body irradiation 731

efficacy of in vivo administration of rhG-CSF to dogs is similar to that observed in
mice (Fugisawa et al. 1986, Tsuchuja et al. 1987, Shimamura et al. 1987, Moore and
Warren 1987, Kobayashi et al. 1987, Tanikawa et al. 1989), hamsters (Cohen et al.
1987, 1988), and the non-human primates (Welte et a/. 1987, Krumwich and Seiler
1989), and serves as the basis for determining its use as a preclinical model for CSF
therapy.

4.1. Exposure to 200Gy

The therapeutic action of rhG-CSF in the 200-cGy sublethal dose model
confirms the regenerative activity of rhG-CSF observed in the mouse after
irradiation (Kobavashi et al. 1987, Tanikawa et al. 1989) and chemotherapy
(Shimamura et al. 1987, NMoore and Warren 1987, Cohen et al. 1987, 1988,
Matsuimoto et al. 1987, Tamura et al. 1987), and in the cyclophosphamide-treated
non-human primate (Welte et al. 1987). Kobayashi et al. (1987), using purified G-
CSF therapeutically administered to mice from Day 1 to Day 14 after doses of
300Gy or 500 ¢Gy X-irradiation, reduced the period of neutropenia and signifi-
cantly enhanced recovery of marrow and spienic-derived GM-CFC, compared
with controls. Tanikawa et al. (1989), using a murine, high-dose sublethal model
(750 cGy), recently showed the therapeutic efficacy of rhG-CSF and rhGM-CSF.
This ~xtensive study showed the ability of each of these recombinant CSFs to en-
hance leukocyte as well as platelet recovery along with the regeneration of CFU-S,
GM.CFC, BFU-E, and megakarvocyte CFC, Moore and Warren (1987) also
documented the ability of rhG-CSF to induce multilineage CFC recovery in
cyvelophosphamide-induced myelosuppression in mice. Welte et al. (1987) demon-
strated that while ra{x-C8F effectively reduced the 4-week period of neutropenia
after cyclophosphamide trearment to 1 week in the cynomolgus- monkey, and
induced marrow aspirate recovery of all lineage precursors, rhG-CSF did not
induce a diffcr ntial recovery of platelets. In our study 14 consecutive days of
rhG-CSF adnunistration to 200¢Gy irradiated dogs induced earlier recovery of
circulating platelets and dramatically affected regeneiation of granulocytes and
marrow-derived GM-CFC. As suggested by Welte et al. (1987), these recovery
patterns after marrow-ablative radiation or drug treatment indicate that the avail-
ability of grewth factor is a critical limiting step in recovery of the depleted
haemopoietic system: the impressive recovery of recombinant CSF-treated
animals after radiation is indicative of the proliferative ability of surviving pro-
genitor cells capable of responding to the CSFs. Our data reported for thG-CSF,
data showing the efficacy of recombinant GM-CSF (Tanikawa et al. 1989,
Monroy et al. 1988), and data on the combined use of rhG-CSF and rhIL-1
(Moore and Warren 1987) demonstrate the inability of therapeutically used
lineage-specific factors to deplete the stem cell pool that survives sublethal
exposure to radiation or drugs to a level that would not support survival.

4.2. Exposure to 350 cGy

Exposure of the dog to midline tissue radiation dose of 350cGy 60Co is 100 per
cent lethal without clinical support with fluids, antibiotics and fresh platelets. The
LDjsg,30 without supportive therapy is approximately 260cGy (MacVittie et al.
1984), whereas supportive therapy raises the LDsqj30 to 340cGy (unpublished
data). Exposure to 350¢Gy is 60 per cent lethal with supportive therapy. Thus,
clinical support alone produces a dose reduction factor of approximately 1-3, which
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is the consequence of spontaneous regeneration of stem and progenitor cells during
the increased survival time afforded by the support regimen. Survival time of
descendants is increased approximately 6-8 days, that is, from 12-16 days to 18-22
days for unsupported and supported dogs, respectively. Effective therapy for
lethally exposed dogs must either influence the spontaneous regeneration of stem
cells during the critical period or extend the time of the clinically manageable
period.

Data presented here indicate that single-agent therapy with rhG-CSF effec-
tively influences the regeneration kinetics of the surviving haemopoietic cells
during the increased clinically manageable time period. Granulocytes and platelets
are effectively produced earlier, and the overall severity of neutropenia is reduced,
as shown by the diminished period of antibiotic support (i.e. days of WBC
<100G/ul). These results further emphasize the regenerative capacity of the
haemopoietic system and the ability of rhG-CSF to stimulate a target cell pool that
is normally unable to support survival of more than 40 per cent of all dogs exposed,
even when they are given maximum clinical support. The ability of rhG-CSF to
influence both granulocyte and platelet recovery suggests that CSF acts on
multipotent stem cells and lineage-specific progenitor cells, and/or that rhG-CSF
can synergize with other endogenously released CSFs to affect multi- and specific-
lineage regeneration. Schuening et al. (1989) have most recently shown the
effectiveness of rhG-CSF therapy following an LD 4¢/3¢ exposure of 400 cGy. Our
data are in accord with these results, although Schuening et al. used 10-fold
(100 pg/kg per day) our dose (10 ug/kg per day) of rhG-CSF in a divided, twice-
daily subcutaneous injection in comparison to our s:ngle injection. These authors
also did not report any effect on platelet recovery in the lethally irradiated and
treated animals.

Although G-CSF was thought to be lineage-specific relative to the more
multipotent capacity of GM-CSF, recent data from in vitro studies by McNiece
et al. (1988a) suggest that G-CSF can act in synergy with IL-3 to promote
megokaryocyte and platelet development, McNiece et al. (1988b, 1989). Williams
et al. (1987) and Ferrero et al. (1989) have also demonstrated the in vitro synergistic
activity of the major CSFs on proliferation of GM-CFCs and the high proliferative
potential CFCs (HPP-CFC) in murine and human-derived marrow. Ikebuchi et al.
(1988) have demonstrated the ability of G-CSF to synergize with IL-3 to enhance
the IL.-3-dependent proliferation of multipotent blast cell colonies. They proposed
that the synergism was a consequence of shortening the G, period for stem cells.
Whatever the mechanism of rthG-CSF action, it is apparent that even after lethal
doses of radiation, surviving haemopoietic cells are available and capable of
responding to the CSF. It is availability of the CSF that limits the rate of response,
because the exogenously administered G-CSF can induce regeneration. It may also
be possible that the administered G-CSF can interact with limited amounts of
endogenously produced IL.-3 to promote megakaryocyte and platelet production,
induce synthesis and release other cytokines within the haemopoietic micro-
environment.

The observation described herein, and that of Schuening et al. (1989), that rhG-
CSF can increase survival through regeneration of haemopoiesis in an otherwise
lethally irradiated dog, emphasizes the efficacy of single-agent CSF therapy in
combination with clinical support in severe radiation- or drug-induced myelosup-
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pression, These data provide the basis from which to titrate the radiation dose, and
thus the degree of stem cell depletion from which recovery with single-agent
therapy cannot be induced within the clinically manageable time period. Further-
more, these data provide the framework from which to approach future therapeutic
strategies involving combined CSFs and interleukins.
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MELE, P. C., C. G. FRANZ AND J. R. HARRISON. Effects of ionizing radiation on fixed-ratio escape performance in rats.
NEUROTOXICOL TERATOL 12{4) 367-373, 1990.-- Adult male rats pressed a lever to terminate scrambied footshock according
to a fixed-ratio 20 schedule (FR escape). Separate groups of rats received a single whole-body exposure to 4.5 or 7.5 Gray (Gy) of
gamma photon radiation or were sham irradiated. The fitst postirradiation test session began 5 min after the end of the irradiation. The
4.5 Gy dose failed to produce any significant changes in performance over six weeks of testing after exposure. In contrast, response
rates after irradiation with 7.5 Gy were decreased over the first four weeks postexposure. Reductions in response rate were due to both
an ncrease 1 the latency to the first response of a ratio and to a reduction in running response rate. Performance recovered to
prerradiation control levels during weeks 5-6 after exposure to 7.5 Gy. Body weights were decreased dose-dependently to a minimum
ot 91% of presrradiation control values during the third week after exposure to 7.5 Gy. A significant positive correlation exisied for
changes in the weekly average response rates and body weights at this dose. When a total dose of 7.5 Gy was delivered as 1.5 Gy per
day for five consecut:ve days (dose fractionation), there were no significant changes in performance over eight weeks of testing
although reversible decreases in response rates vccurred in three of six rats. By comparison with previous studics these results
demonstzate that FR escape performance may provide a more sensitive index of radiation-induced behavioral disruption than
performance maintained by several other schedules of negative reinforcement. Moreover, it can be suggested that the type of
reinforcing event (positive versus negative) can modulate the sensitivity of FR performance to radiation-induced disruption.

Tonizing radiation Fixed-ratio escape Acute exposure Dose fractionation

NUMEROUS behavioral measures have been evaluated for their
usefulness 1n providing a sensitive index of exposure to ionizing
radiation (16,22). Among the behaviors studied, responding main-
tained by schedules of reinforcement has been shown to be
disrupted by ionizing radiation (gamma rays and x-rays) over a
wide range of doses. In studies using rats, decreases in responding
maintained by positive reinforcers such as food or water have been
reported at relatively low, sublethal doses under fixed-ratio (FR)
(6, 28, 29, 37), fixed-interval (FI) (28,29), and variable-interval
(VD) (21) schedules of reinforcement, while disruptions in FR
responding maintained by electrical brain stimulation have also
been demonstrated (13,17). In these studies the radiation doses
ranged from 3.0-6.75 Gray (Gy). For comparison, the 30 day
LDy, in rats following exposure to gamma radiation has ranged
from an earlier estimate of 7.5 Gy (9) to the recently reported 9.5
Gy (3). [The Gray has recently replaced the rad as the official
international unit of measurement of absorbed dose of ionizing
radiation (32). For reference, 1 Gy = 100 rad.] This increase in the
LDy, over the last two to three decades probably reflects improved

methods of animal care (e.g., housing, diet, environment) that
have reduced the likelihood of infection-related deaths after
irradiation (5). In contrast, effective doses for disrupting schedule-
controlled responding have not shown a corresponding rise over
this same time period [e.g., (21,28)).

Disruptions in responding maintained by a negative reinforcer
such as electric shock have also been reported although these
effects have been shown primarily at much higher doses (25-200
Gy) that are well above the LD, for rats (8, 10, 20). Disruptions
in responding under shock avoidance schedules at similarly high
doses of radiation (>LD,,) have been reported in the pig (12) and
rhesus monkey (7) also. At sublethal doses in contrast, most
studies have found res ~onding under shock-avoidance schedulcs to
be insensitive to radiation In rats irradiated with x-rays, unsig-
nalled (Sidman) avoidance performance was not altered by 1.0-
5.0 Gy (21), while signalled (pole-jump) avoidance/escape perform-
ance was unaffected by 3.0-9.0 Gy; this highest dose, in fact,
killed all rats within one week after irradiation (18). When rhesus
monkeys were given sustained low-level exposure to gamma

"This work was supported by the Armed Forces Radiobrology Research Institute (AFRRI), Defense Nuclear Agency, under work unit B4158. Views
presented 1n this paper are those of the authors, no endorsement by the Defense Nuclear Agency has been given or should be inferred. Rescarch was
conducted according to the principles enuncsated 1 the **Guide for the Care and Use of Laboratory Animals™* prepared by the Institute of Laboratory
Ammal Resources, National Research Council, DHEW Pub. No. (NIH) 85-23, 1985. AFRRI is fully accredited by the American Association for
Accreditation of Laboratory Animal Care.
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radiation (total dose of 4.4 Gy delivered at 0.02 Gy per hour),
neither signalled nor unsignalled avoidance performance was
affected although food-reinforced FR responding was decreased
(4). In another study, when rhesus monkeys were given a total
dose of 3.0 Gy of gamma radiation over 12 hours of continuous
exposure while performing a reaction time task reinforced by
either food presentation or shock avoidance, responding slowed
under each condition with food reinforced performance affected to
a greater degree and/or at a lower cumulative dose than shock
avoidance performance (40). For comparison, the acute 30 day
LD, for gamma radiation in thesus monkeys has been estimated
to be around 6.0 Gy (9).

These few reports suggest that negatively reinforced respond-
ing may be relatively insensitive to sublethal doses of jonizing
radiation. However, because this apparent insensitivity could be a
function of the specific behavioral tasks and/or radiation parame-
ters (e.g., dose, dose-rate, and quality or type of radiation) used so
far, the present study was conducted to further evaluate radiation-
induced changes in shock-motivated responding. Because we have
previously reported on the effects of gamma radiation on FR
responding when milk was the reinforcer (28,29), it was of
particular interest to evaluate the effects of gamma radiation on
responding under an FR schedule of termination of foot shock (FR
escape). Responding under FR escape schedules involving the
termination of shock or stimulus-shock complexes has been shown
to be useful in the evaluation of the behavioral effects of a variety
of phannacological agents (27). There are no reports to our
knowledge concerning the effects of ionizing radiation on sched-
ule-controlled shock-escape performance.

In the present study acute doses of gamma radiation (7.5 Gy,
4.5 75y and sham exposure) were administered to separate groups
of rats 1esponding under an FR 20 escape schedule; performance
was monitored for six weeks after exposure. These doses were
taken from our previous work which showed that milk-reinforced
FR responding was reliably disrupted by 4.5 Gy and above of
gamma radiation (28,29). Subsequently, the rats of the sham-
exposed group were irradiated with 1.5 Gy per day for five
consecutive days (total dose of 7.5 Gy) and tested for an additional
seven weeks. This dose-fractionation procedure was used in order
to collect some initial data on the effects of multiple low-dose
irradiations on FR escape performance.

METHOD

Animals

Adult male Sprague-Dawley rats [Crl:CD(SD)BR] (VAF/Plus)
(Charles River breeders) were used. Animals were permitted free
access to commercial rodent chow and acidified water (pH=
2.5-3.0) at all times, except during experimental test sessions.
Acidified water is commonly used to reduce the possibility of
infection in the irradiated organism. Body weights ranged from
500-650 g at the start of testing.

Rats were quarantined on arrival and screened for evidence of
disease. They were individually housed in plastic Microisolator
cages containing sterilized hardwood-chip bedding. Animal hold-
ing rooms were maintained at 21 = 1°C with 50 10% relative
humidity using at least ten air changes per hour of 100%
conditioned fresh air. Full spectrum lights were used to maintain a
12-hr light-dark cycle (lights on from 0600-1800 hr).

Apparatus

Ten operant conditioning chambers were used. The top and one
sidewall that served as the entry door were Plexiglas, the remain-
ing three walls were aluminum, and the floor was a grid of 0.64
cm diameter aluminum rods. Each box measured 11 cm high, 24
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cm long and 25 cm wide. A response lever mounted on a
microswitch (Gerbrands model No. G6312) was located on each
side of the front wall, approximately 6.5 cm above the floor anu
5.0 cm in from the nearest sidewall, In the middle of the front v+l
was a Sonalert speaker (model No. SP2A2). A 28-W white house
light was located in the middle of the ceiling. The grid floor,
aluminum walls and response levers were connected to a constant
current AC shocker and scrambling device. Each chamber was
enclosed in a sound- and light-attenuating compartment, which
also contained an exhaust fan for ventilation. The chambers were
placed in a darkened room with white noise present continuously.
Control of the chambers and recording of data were accomplished
with a PDP-8E computer.

Behavioral Procedure

Training and testing procedures were modified from those
reported previously (38). For initial training a rat was placed in the
chamber and the house light was turned on. Thirty seconds later
scrambled electric shock (0.9 mA) was delivered through the grid
floor accompanied by the Sonalert tone (75 dB). The tone and
shock remained on until a single response on the left lever was
made (an FR 1 escape schedule). This response extinguished both
the tone and shock for 30 sec after which the cycle repeated. After
several sessions under FR 1, the ratio was increased by one every
3-5 days. Once an FR 10 schedule was in effect, the ratio was
increased by two until the final FR 20 schedule was attained.
Sessions lasted 60 min, except for when they were terminated
early wien, after experimental treatments, effective responding
was no longer maintained. Each rat was assigned a particular test
chamber and time of day for testing. Testing was conducted five
days per week, Monday-Friday. Over the course of training, as
the FR value was increased, six rats developed and persisted in
behaviors that were incompatible with lever pressing [e.g., lying
on their back (38)). Repeated attempts at improving performance
by lowering ihe FR value revealed that these rats typically
performed poorly at FR values greater than five; these animals
were eliminated from the study. Radiation exposures occurred
once the performance of the remaining rats appeared stable,

Radiation Procedure

Rats were assigned to radiation dose groups (n= 5-7 per group)
such that group mean baseline response rates were similar prior to
treatment. Animals from different dose groups were balanced
across test chambers and time of day for testing to the extent
possib'e. For irradiations, rats were placed in well-ventilated,
clear plastic restraining tubes. Test sessions began approximately
5 min after exposure ceased. Sham exposures, consisting of
placing the animals in the tubes and transporting them to the
exposure room, were conducted on at least eight occasions prior
to the first irradiation.

For the evaluation of single acute irradiations, bilateral whole-
body midline tissue doses of 4.5 and 7.5 Gy of gamma photon
radiation were administered at a fixed rate of 2.5 Gy/min from a
cobalt-60 source. A third group of rats reccived a sham exposure.
These three groups were tested for six weeks after exposure.
Sixteen weeks after the first irradiation and after the addition of
one rat, the rats of the sham exposure group received 1.5 Gy of
gamma radiation per day for 5 consecutive days to evaluate the
effects of a total dose of 7.5 Gy administered in multiple fractions;
testing continued for 8 weeks. All irradiations occurred on a
Monday, except for the fractionated exposure condition which
occurred over Monday~Friday.

Radiation dosimetry -was accomplished using paired 0.5 cm®
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ion chambers. Measurements were made both free in air and
within an acrylic rat phantom enclosed in a standard plastic re-
straining tube. The dose measured within the phantom was
converted to a tissuc-equivalent dose. Administered dose was the
ratio of the tissue-equivalent dose within the phantom to the dose
measured free in air. The estimated <i{Z_-ence in absorbed dose
over the range of body weights of the rats used here was less than
two percent.

Data Collection and Analysis

The overall response rate, running response rate, and latency to
the first response of a ratio were calculated for each rat for each
session. Overall response rate was calculated by dividing the total
number of responses by the total time that the shock was on.
Response latency was defined as the time elapsed from the onset
of shock to the first response of a ratio. Running response rate was
the response rate calculated with the latency to the first response
omitted. Control data were taken from 10-15 baseline sessions
immediately preceding exposure. Body weights were obtained on
a weekly basis.

Overall response rate and body weight data were analyzed
statistically using one- and two-factor repeated measures analyses
of variance (25). Response rates underwent a log(x-+1) transfor-
mation to reduce the variance. Pairwise comparisons among the
three treatment groups, and between each radiation dose group and
the sham control group, were performed with Newman-Keuls and
Dunnett’s tests, respectively. Pairwise comparisons between pre-
and postirradiation data within a treatment group were performed
with t~tests for matched pairs. All pairwise comparisons were
two-tailed with the alpha level set at less than 0.05. The Pearson
product-moment correlation coefficient was used to determine the
relationship between changes in response rates and body weights
after irradiation.

One rat in the 7.5 Gy exposure group died on day 31 after
exposure; pathological examination determined that the cause of
death was unlikely to be radiation-related. The data of this rat were
included in the figures and tables. Statistical analysis was per-
formed both with (days 1-30) and without (days 1-40) this rat’s
data, and the results were highly similar either way. The statistical
results presented are those with this rat’s data excluded. Also, the
data were lost for postirradiation day 33 for one animal each in the
sham and 4.5 Gy exposure groups. All available data are presented
in the figures for these groups although statistical analysis was
performed with day 33 excluded. This accouuts for the lower
degrees of freedom shown for the results of some of the ANOV As.

RESULTS
Control Performance

Control rates and patterns of responding were consistent with
those reported previously for performance under FR escape
schedules (1, 19, 38). Generally, following the onset of shock,
there was a short latency to the first lever-press and then a steady
rate of responding thereafter until the ratio was completed. In
some rats, however, @ more emratic pattern was cevident in that
intermittent pausés in responding commonly occurred during the
session, Baseline rates of responding in responses per second
(mean = standard error) were 1.510,25 for the sham group,
1.4520.45 for the 4.5 Gy group, and 1.280.37 for the 7.5 Gy
group. Baseline response rates did not differ significantly among
these three groups, F(2,14)<1.0.

Acute Irradiation

Acute exposure to gamma radiation produced a prolonged,
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FIG. 1. Effects of acute doses of gamma radiation on FR escape resgonse
rates. Scparate groups of rats were given a single exposure to 4.5 (n=6)
or 7.5 (n=7 through day 30, n=6 thereafter) Gy of gamma radiation or
were sham exposed (n=5). Exposure occurred approximately 5 min before
the start of the session on day 1. Each postexposure point represents the
group mean, vertical lines represent one SEM. Points at C represent group
mean control data. Vertical lincs about control points represent the SEM
averaged across the individual rats. *p<0.05 versus sham-cxposed group
(Dunnett’s test after ANOVA), tp<.0.05 versus prewradiation control
(matched pairs t-tests after ANOVA).

dose-related disruption in FR escape response rates (Fig. 1).
Analysis of variance on absolute response rates revealed signifi-
cant effects of radiation dose, F(2,14)=4.14, p<0.05, and day,
F(29,406) =2.58, p<0.05, and a radiation dose by day interaction
that just failed to achieve the conventional level of significance,
F(58,406)=1.31, p<0.075. Overall, the response rate of the 7.5
Gy exposure group (mean of 0.84 responses per second) was
significantly lower than that of both the sham and 4.5 Gy exposure
groups (means of 1.81 and 1.53 responses per second, respective-
ly), while the response rates of these latter two groups did not
differ from each other (Newman-Keuls test).

Because there were clear differenses among the treatment
groups for changes in response rates over days after irradiation
(Fig. 1), the significance level of the interaction term was
considered acceptable for performing further analyses. One-way
ANOVAs and subsequent Dunnett’s tests on response rates from
each postirradiation session were performed. This analysis re-
vealed that the response rates of the 7.5 Gy exposure group were
significantly lower than those of the sham exposure group on days
8,9, 12, 15-19, 22, 24, 25 and 40. In contrast, response rates of
the 4.5 Gy and sham-exposed groups did not differ significantly on
any day after irradiation.

Within each treatment group response rates after irradiation
were compared against preexposure baseline values. Response
rates of the sham and 4.5 Gy exposed groups generally remained
similar to their respective preexposure control values over the first
three weeks of testir s after irradiation, and then tended to increase
above preirradiation =ontrol values over the last three weeks of
testing (Fig. 1). Responding increased significantly in the sham-
exposed group, F(29,116)=1.65. p<0.05. although significant
increases occurred on days 24 and 32 only (paired ¢-test, p<0.05).
Exposure to 4.5 Gy of ionizing radiation did not alter rates of
responding significantly, F(29,145) = 1.18. Responding of the 7.5
Gy exposure group was reduced beginning on day 2 postexposure
and remained so for much of the first four and one-half weeks of
testing. Over this time period response rates tended to fluctuate;
the largest reductions in response rates, to 28-34% of control
values, occurred on days 8, 15, 16 and 22 postirradiation.
Performance of this group recovered to preexposure levels during
the latter part of week 5, though relative response rates tended to
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TABLE 1

RUNNING RESPONSE RATES (PERCENT OF CONTROL) UNDER THE
FR 20 ESCAPE SCHEDULE AFTER GAMMA IRRADIATION

MELE, FRANZ AND HARRISON

TABLE 2

RESPONSE LATENCIES UNDER THE FR 20 ESCAPE SCHEDULE AFTER
GAMMA IRRADIATION

Day Sham 4.5 Gy 7.5 Gy Day Sham 4.5 Gy 7.5 Gy

Control 1.59 (0.29) 1.47 (0.45) 1.38 (0.38) Control 0.18 (0.38) 0.10 (0.05) 1.18 (1.59)
1 97.2 (5.0) 68.7 (13.9) 83.6 (10.2) 1 0.15 (0.24) 0.11 (2.77) 2.09 (131
2 108.3 (15.6) 111.9 (19.4) 55.3 (11.4) 2 0.22 (0.19) 0.11 (0.13) 541 (3.49)
3 95.3 (4.5 144.4 (50.6) 43.0 £11.9) 3 0.18 (1.06) 0.07 (0.01) 3.03 (8.15)
4 82.8 (19.2) 91.7 (17.8) 48.6 (12.6) 4 0.11 (0.04) 0.12 (0.18) 1.67 (24.26)
5 106.9 (18.6) 120.6 (39.3) 46.6 (9.1) 5 0.12 (0.28) 0.08 (0.04) 1,21 (1.36)
8 106.3 (17.1) 91.2 (13.5) 319 (11.0) 8 0.33 (0.66) 0.12 (0.07) 34,20 (46.63)
9 121.8 (12.6) 109.9 (20.4) 47.3 (6.1) 9 0.14 (0.34) 1,06 (0.11) 3.97 (7.68)
10 123.3 (12.9) 119.0 (11.5) 545 (4.8) 10 0.18 (1.24) 0.07 (0.06) 0.70 (6.70)
11 1140 .7 138.8 (18.2) 69.4 (16.6) 11 0.17 (1.47) 0.11 (0.11) 1.52 (8.28)
12 142,2 (17.7) 131.6 (21.4) 73.6 (14.2) 12 0.12 (1.02) 0.05 (0.12) 0.94 (10.00)
IS 86.8 (8.4) 98.2 (16.9) 35.5 (10.1) 15 0.19 (1.24) 0.20 (0.13) 8.35 (17.98)
16 117.5 (6.0) 113.4 (12.9) 26.7 (9.3) 16 0.18 (0.12) 0.14 (0.22) 4.22 (30.25)
17 110.4 (22.1) 138.3 (19.1) 52.7 (11.3) 17 0.43 (0.28) 0.13 (0.10) 9.39 (7.13)
18 112.6 (11.8) 114.7 (15.6) 56.2 (12.8) 18 0.12 (0.18) 0.08 (0.12) 2.28 (10.77)
19 122.8 (21.9) 135.3 (17.9) 70.7 (25.4) 19 0.10 (0.06) 0.09 (0.17) 2.70 (8.86)
22 127.0 (16.5) 113.6 (13.0) 33.3 (15.1) 22 0.15 (0.27) 0.07 (0.30) 8.60 (49.80)
23 127.8 (24.8) 117.5 (10.9) 75.3 (29.8) 23 0.46 (0.46) 0.16 (0.16) 6.61 (19.33)
b2 139.7 (11.1) 139.9 (30.8) 70.2 (26.5) 24 0.13 (0.05) 0.54 (0.34) 8.97 (16.69)
25 139.4 (18.5) 133.6 (24.7) 57.6 (13.3) 25 0.08 (0.09) 0.09 (0.08) 4.55 (11.99)
26 141.4 (19.0) 173.4 (36.7) 64.6 (16.3) 26 0.19 (0.10) 0.16 (0.14) 1 .2n
29 142.1 (23.7) 121.0 (25.6) 50.8 (19.6) 29 0.09 (0.11) 0.13 (1.52) 4.31 (50.34)
30 132.2 (24.5) 120.6 (39.5) 52.7 (15.3) 30 0.06 (0.09) 0.09 (0.04) 1.95 (2.61)
3l 154.0 (22.9) 130.5 (39.2) 81.6 (26.0) 31 0.69 (0.04) 0.11 (0.10) 1.84 (2.42)
32 160.8 (19.9) 124.8 (31.1) 98.7 (27.7) 32 0.05 (0.04) 0.07 (0.05) 1.28 (0.99)
33 126.8 (22.3) 175.3 (56.0) 121.8 (27.9) 33 0.04 (0.61) 0.07 (0.29) 0.92 (5.06)
36 141.3 (24.6) 101.5 (22.7) 82.2 (19.9) 36 0.07 (0.05) 0.08 (1.41H 4,23 (1.47)
37 134.2 (29.6) 157.5 (35.1) 124.0 (29.4) 37 0.11 (0.11) 0.08 (0.31) 3.03 (2.69)
38 147.2 3L.7) 167.6 (38.2) 1243 (28.7) 38 0.05 (0.02) 0.22 (0.18) 2.99 (2.38)
39 148.3 (31.8) 158.0 (47.4) 99.0 (23.2) 39 0.04 (0.07) 0.05 (3.86) 1.71 (1.89)
40 158.2 (29.7) 193.5 (54.8) 60.5 (11.1) 40 0.05 (0.03) 0.05 (0.01) 2.84 (1.23)

All values are the group mean with the standard error in parentheses.
Control response rates are in responses per sccond. Postirradiation re-
sponse rates (days 1-40) are percentages of bascline values.,

be lower than those of the sham exposure group through the
remainder of the testing period. One-way, repeated measures
ANOVA reealed a significant effect of days for this group,
F(30,150) =2.47, p<0.0005; response rates were reduced signif-
icantly on days 4, 5, 8-10, 15-17, 22, 26, 30 and 40,

Radiation-induced changes in running responsc rates are shown
in Table 1. It can be seen that there were no differences among the
three groups in control running rates. Following irradiation,
changes in running response rates within each treatment group
closely paralled the clianges (both increases and decreases) in
overall response rates shown in Fig. 1.

Radiation-induced changes in the latency to the first response
of a ratio are presented in Table 2. There were no significant
differences in control latencies between any pair of groups (all
p’'s>0.05, Mann-Whitney test). There were no consistent changes
in the latencies of the sham exposure group over the first four
weeks of testing; during the final two weeks, there was a small but
consistent decrease in latencies (both median and semi-interquar-
tile range). The 4.5 Gy dose of gamma radiation failed to produce

Values are the group median and the semi-interquartile range in
parentheses in seconds. Control values are the group median and semi-
interquartile range of individual control means.

any consistent changes in median latencies; the intermittent
increases in the semi-interquartile range that occurred were due
primarily to increases in latencies of two rats. Irradiation with 7.5
Gy of gamma radiation increased median latencies during approx-
imately one-half of the sessions over the first four weeks postex-
posure, while the semi-interquartile range was increased during
most of these sessions. Although these increases in latencies
generally corresponded with decreases in overall response rates,
changes in latencies and overall response rates could be dissoci-
ated. For example, overall response rates were decreased to about
the same degree on days 5 and 17 after exposure to 7.5 Gy (Fig.
1), while latencies were unaltered or increased, respectively.
During weeks five and six after exposure to 7.5 Gy, latencies were
returning toward preirradiation control values.

Dose Fractionation

After the completion of the evaluation of the single acute
jrradiations, the five rats of the sham exposure group plus one
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FIG. 2. Effects of repeated exposures to gamma radiation on FR escape
response rates. Five exposures to 1.5 Gy occurmred over days 1-5 (n=6).
Test sessions on irradiation days began approximately 5 min after exposure
ceased. Each postexposure point represents the group mean, vertical lines
represent one SEM. Points at C represent group mean control data,
Vertical lines about control points represent the SEM averaged across the
individual rats,

additional rat were tested under baseline conditions for ten more
weeks. After this additional training, response ratcs appeared to be
quite stable in that no systematically increasing 0. decreasing
changes in rates were evident. These rats were then exposed to 1.5
Gy per day for five consecutive days and tested for an additional
seven weeks (Fig. 2). The preirradiation control response rate
(mean * standard error) for this group of six rats was 2.76::0.46
responses per second. ANOVA on response rates revealed that the
fractionated exposure did not produce significant changes from
preirradiation control values over the first two, four or all eight
weeks of testing (p>0.05 for all Fs). Even though the fractionated
exposure condition did not alter performance significantly, three
of six rats had response rates decreased below their individual
control ranges on 12, 8 and 4 of 40 sessions. Recovery of control
response rates was evident in each of these rats during the last 2-3
weeks of this phase.

Body Weight

Preirradiation body weights (mean=standard error) for the
sham, 4.5 and 7.5 Gy exposure groups were, respectively,
584.9226.3, 579.1+8.5 and 618.4=19.9 g. Acute irradiation
produced a small but dose-related decrcase in body weight (Fig. 3,
top). Over eight weeks after exposure, the sham-irradiated group
showed gradual weight gain to 106.3% of preexposure control
levels. The 4.5 Gy group had a slight reduction in body weight to
97.1% of preirradiation control on day 5, body weight recovered
and then increased thereafter. The 7.5 Gy group showed a more
pronounced drop in body weight on day 5 that was followed by
additional loss over the subsequent 2 week period before reversal
of this trend was observed. The maximal reduction in body weight
10 91.3% of control levels occurred during the third wesl (day 17)
postexposure. Over the entire 8-week period, however, only the
main effect of day, F(8,112)=15.89, p<0.001, was significant.
When evaluation of body weight was restricted to the first four
weeks after iradiation, a sigmficant effect of radiation dose,
F(2,14)=5.67, p<0.025, was evident.

Comparison between Figs. 1 and 3 (top) indicate that decreases
in weekly response rates and body weights followed a roughly
similar time-course after the 7.5 Gy exposure. At this dose
changes in weekly average response rates and body weights were
positively correlated (r=.94, p<0.01).
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FIG. 3. Effects of gamma radiation on body weight. The top panel shows
the effects of single cxposures. On day 1 separate groups of rats were given
a single exposure to 4.5 (n=6) or 7.5 (n=7 through day 30, n=6
thercafter) Gy of gamma radiation or were sham-exposed (n=35). The
bottom panel shows the effects of irradiation with 1.5 Gy per day over days
I-5 (n=6). Each point represents the group mean, vertical lines represent
one SEM. Body weights were measured at the end of each week (on
Fridays); an additional measurement was made in the middle of week 3
(day 17).

The mean preexposure body weight of the group of rats
receiving 1.5 Gy per day for five consecutive days was 635.7 = 35.6
g. This fractionated exposure reduced body weight to a small
degree over the first four weeks postexposure, with the largest
reduction observed on day 12 (Fig. 3, bottom). Recovery and a
subsequent increase in body weight occurred thereafter.

DISCUSSION

The major finding of the present study was that gamma
radiation produced a dose-related disruption of FR escape perfor-
mance. Acute exposure to 7.5 Gy of gamma radiation decreased
response rates, while 4.5 Gy did not alter performance signifi-
cantly. There are few previous reports of disruptions of negatively
reinforced responding by sublethal doses of ionizing radiation. In
studies using rats, acute x-ray doses of 1.0-5.0 Gy failed to alter
unsignalled (Sidman) avoidance performance over 14 days post-
exposure (21), while 3.0 and 6.0 Gy delivered acutely did not alter
performance of a signalled (pole-climb) avoidance-escape task
over 30 days after irrediation (18). This latter study alse reported-
that performance was unaffected by 9.0 Gy up until the death of all
rats by the sixth day after exposure. Prolonged low-level exposure
to gamuna radiation (4.4 Gy delivered at 0.02 Gy per hour) was
ineffective in altering performance on several avoidance tasks in
rhesus monkeys (4). However, in a shock avoidance reaction time
task extended gamma exposure (3.0 Gy delivered at 0.25 Gy per
hour) lengthened response latencies slightly (40). Compared to
these earlier raports, the behavioral disruption reported in the
present study may have been due to the radiation parameters used
and/or to a greater sensitivity of FR escape performance to
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radiation-induced disruption. Among the radiation parameters to
be considered, dose is likely the most critical here, although
dose-rate and radiation quality (type) cannot be ignored. In terms
of behavioral factors, differences between the present study and
previous ones include escape versus avoidance contingencies,
shock levels, baseline rates of responding, and the number of
responses required to meet the reinforcement contingency. Each of
these are potentially important factors and each needs to be
systematically examined.

In contrast to the present results, other findings from this
laboratory showed that doses of gamma radiation as low as 4.5 Gy
relibly reduced rates of responding under FR 20 and 50 schedules
of milk presentation; there were no differences in radiosensitivity
as a function of these FR values (28,29). An earlier study reported
that 3.0 Gy of x-rays reduced FR 20 response rates when food
pellets were used as reinforcers (6). These results suggest that the
dose-effect function for radiation-induced decreases in FR re-
sponding maintained by shock termination is shifted to the right of
those for FR responding maintained by milk or food delivery. This
implies that the type of reinforcing event may be an important
determinant of the sensitivity of FR performance to disruption by
ionizing radiation. Two previous reports showed that food rein-
forced responding under an FR schedule in monkeys (4) and a VI
schedule in rats (21) was disrupted by doses of ionizing radiation
that did not alter Sidman avoidance performance. However,
because the schedules of food delivery and shock avoidance
differed in each of these studies, and because there were marked
differences in the baseline rates and patterns of responding
generated by each schedule, it is unclear as to which specific factor
or factors were primarily responsible for the observed differences
in radiosensitivity (2).

Comparing across studies from this laboratory revealed that
radiation disrupted performance under FR scliedules of sho
termination and milk presentation in a similar manner in that
overall and running response rates were decreased and latencies to
the first response were increased. In these studies, baseline
performance measures maintained by these FR schedules were
similar in several potentially important ways. For one, similar
baseline rates of responding have occurred under these two types
of FR schedules; overall FR response rates were approximately 1.5
responses per second here and in one study when milk was the
reinforcer (28). Secondly, a similar pattern of baseline responding
was evident regardless of the reinforcing event in that once an FR
run of responses was initiated it usually continued at a high, steady
rate until reinforcement occurred. The primary difference between
baseline performance under these schedules was in the latency to
the first response of a ratio. These latencies were shorter under the
escape schedule (1 sec or less) than under the milk delivery
schedule (3-8 sec). Overall, the similarity in baseline performance
and in the radiation-induced disruption in performance under these
FR schedules further suggests that the reinforcing event itself was
an important determinant of the sensitivity of responding to
gamma irradiation.

In addition to differences in radiosensitivity, another charac-
teristic of radiation-induced disruption of FR responding that
appears lu vary with the type of reinforcing event is the time-
course over which performance changes occur. Under the FR
escape schedule the largest reductions in response rates occurred
during the second, third and fourth weeks after exposure to 7.5
Gy. Response rates recovered to preexposure levels during the
subsequent two weeks. The possibility that performance decre-
ments were not fully reversed, however, was suggested by the
tendency for the response rates of this treatment group to remain
below those of the sham exposure group throughout the final week
of testing. In contrast, at doses up to 9.0 Gy, maximal reductions
in milk-re:nforced FR responding occurred during the first week
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after exposure; reductions in responding during subsequent weeks
were considerably smaller or were no longer evident (28.29).

Following irradiation, changes in body weights were correlated
with the week-to-week changes in FR escape response rates. Since
reductions in free-feeding body weights have been shown to
disrupt shock escape and avoidance performance (26, 30, 36), it is
possible that the reduced body weights caused or contributed to the
concurrent deficits in responding reported here, In those studies,
however, body weight reductions of about 20% were necessary to
produce consistent changes in establishe I performance, whereas
Yere, the maximal reduction in body weight was less than 9%
(weeks 2-3 after irradiation). Moreover, response rates were
significantly reduced when body weights were within 5% of
preexposure levels (weeks 1 and 4). Based on the data from those
earlier studies, it seems unlikely that such celatively smail reduc-
tions in body weight alone would account for the large disruptions
in performance observed here,

Although the weight-reducing effects of ionizing radiation are
well established (15, 24, 31, 35), there is evidence to suggest that
the weight loss reported here was not solely a consequence of
radiation exposure. These earlier studies reported thit maximal
weight loss occurred within the first week after exposure, and that
this was followed by steady weight gain thereafter. Although the
4.5 Gy exposure group here showed minor changes in weight over
time consistent with these earlier studies, there was a dcfinite trend
of steady weight loss in the 7.5 Gy exposure group over the first
three weeks after irradiation. Perhaps the prolonged decrements in

_performance and/or body weight observed here following suble-

thal radiation exposure are indicative of radiation’s effects under
highly stressful (i.e., shock motivated) environmental conditions,
It has been demonstrated previously that a variety of other
environmental stressors (e.g., exhaustion, cold, and trauma) are
capable of enhancing radiation-induced lethality (11, 23, 34).

When 7.5 Gy of ionizing radiation was delivered as five daily
fractions, smaller decreases in response rates and body weights
were evident than when this dose was given as a single exposure.
These two measures indicate that the cumulative effect of these
multiple exposures was less than additive. This is consistent with
an extensive amount of data on radiation-induced lethality at both
the cellular and organismic level (33,39). The reduced effective-
ness of dose fractionation has been shown tc be a function of
exposure parameters such as the total dose administered, the
number of fractions, the time between fractions, and the type or
quality of ionizing radiation. Although the fractionated dosing
condition used here did not produce a :ignificant change in
performance, the reversible behavioral distuption observed in
three of six rats indicates that this exposure nevertheless had
important functional consequences.

Several behavioral factors need to be considered when making
comparisons between the effects reported here for 7.5 Gy deliv-
ered as a single acute dose and as multiple fractions. One is that
the baseline response rates of the rats given the fractionated
exposure were twice those of the rats given the single exposure.
Because baseline response rate has been shown to be an important
determinant of the effects of a number of agents on schedule-
controlled responding f[e.g., the rate-dependency relationship
(14,27)], it is possible that these baseline rate differences contrib-
uted in some way to the differential effectiveness of these two
exposure conditions, Based on rate-dependency, however, it
would be expected that for a given treatment that reduces rates of
responding, higher rates would be decreased more than or at least
similarly to lower rates under a particular schedule of reinforce-
ment. That rats with higher baseline response rates showed smaller
reductions after irradiation can be viewed as further support for the
conclusion that the cumulative effect of the fractionated exposure
condition was less than additive. Obviously, this interpretation
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rests with the assumption that gemma radiation produces greaier
reductions in escapz response rates of rats as a function of
increasing baseline rate, this has yet to be experimentally deter-
nuned. At thes time the opposite relationshup that higher FR escape
response rates are less susceptible tu disruption by radiation than
lower rates seems unlikely, but cannot be entirely discounted.

A second potentially impurtant factor 15 the increased amount
of traning given to the ammals in the fructionated exposure
condition prior to iradiation. To our haowledge radiosensitivity as
a function of training time has not been evaluated. Ho'wever, that

3

continued training per se does not decrease radinsensitivity is
indicated by e finding that disruptions in responding under FR
schedules of milk delivery were highly replicable when 2-3
repeated exposures occurred at 6-8 week intervals (28,29)

In summary, the present results demonstrate that aversively
motivated behavior can provide a more sensitive index of exposure
to iunizing radiation than previously thought. Further evaluation of
the specific behavioral and radiobiological far wrs accounting for
this enhanced sensitivity are warranted.

REFERENCES

1. Arzm, N. H., Hohz, W. C,, Hake, D, F., Ayllon, T. Fixed-ratio
escape reinforcement. J. Exp. Anal. Behav. 6:449-456; 1963,

. Barrett, J. E., Katz, J. L. Drug effects on behavior mamntamed 'y
different events. In: Thompson, T.. Dews, P, B.: McKim, W, A..
cds. Advances i behavioral pharmacology, vol 3, New York.
Academic Press: 1981,

3. Bogo. V. Behavioral radioprotection. Pharmacol. Ther. 39:73-78:
1988.

4. Braun, R. G., Farrer, D. N., Zappim, W., Crook, G. H. Performance
of thesus monkeys during continunous low-level gamma radiation: an
exploratory study. Techniual report ARL-TR-66-18, 65715t Acromed-
ical Rescarch Laboratory, Holloman AFB, NM 88330; 1966,

5. Broerse, J, J., MacVitue, T. J. Response of different species to total
body irradiation. Dordrecht, The Netherlands: Martinus Nijhoff,
1984,

6. Brown, W. L. Response rate dunng x-uradiation and recovery
following wradiauon. J. Genet, Psychol. 108.117-120, 1966.

7. Bruner, A., Bogo. V.. Jones, R. K. Delayed match-to-sample
performance decrement tn monheys after 60Co imadiation. Radiat.
Res. 63:83-96: 1975,

8. Burkhardt, W. F., Hunt, W, A, Characterization of radiation-induced
performance decrement using a two-leser shoch-avoidance task,
Radiat. Res. 103:149-157; 1985.

9. Casarett, A. P, Radiation biology. Englewood Cliffs, New Jersey:
Prentice-Hall: 1968.

10. Casarett, A. P.. Comar, C. L. Incapacstation and performance
decrement in rats following split doses of fission spectrum radiation.
Radiat. Res. 5§3:455=161; 1973.

1, Chapman, W, H., Sipe, C. R., Eltzholtz, D. C.. Cronkute, E. P.,
Chambers, F. W, Sulfhydryl-containing agents and the ecffects of
tonizing radiation. Radiology 55.865-873. 1950.

12, Chaput, R, L., Barron, E. L. Postirradiation performance of nunature
pigs as modified by tasks. Radiat, Res. 53:392-401: 1973,

13. Chnstensen, H. D., Flesher, A. M., Haley, T. J. Changes in brain
self-stimulation rates after eaposure to X-irradiation. J, Pharm. Sci.
58:128-129; 1969,

4. Dews, P. B.. Wenger, G. R. Rate-dependency and the behavioral
coffects of amphetu, 1v2. In. Thompson, T.. Dews, P. B.. eds.
Advances n behavioral pharmacology, vol 1. New York. Academic
Press; 1977,

15. Fishler. M. C., Cole, L. J., Bond, V. P.. Milne, W. L. Therapeutic
cffect of rat bone marrow injection m rats exposed to lethal whole
body x-irradiation, Am. J. Physiol. 177:236-242; 1954,

16. Furchtgott, E. Behavioral effects of romzing radiation, In. Furchigott,
E., ed. Pharmacologi.al and biophysical agents and behavior, New
York: Academic Press; 1971:1-64.

17. Haley. T. J.. Bach-Y-Ruta. P.. Komesu. N. Effect of X-iradiation on
self-stumulation of the bramn. Nature 192.1307, 196°.

18. Haley. T. J.; Fonesca, J.; Komesu, N.: Willians, P. Inability of
whole body x-irradiation to produce extinction of vorditional avoid-
anee in rats. Arch, Int. Pharmacodyn. 134:148-15": 1961.

19. -Hineline, P, N., Rachlin, H. Notes on fixed-ratio a: d fixed-interval
escape responding i the pigeon. J. Exp. Anal. Behav 12.397-401,
1969.

20. Hunt, W. A, Comparative cffects of exposure to high-cnerg, electrons
and gamnma radiation on active avoidance behavior. Int. J. Radiat.
Biol. 44:257~-260; 1983.

1o d

21. Jamard, L. E. Effects of X-irradiation on operant bihavior in the rat,
J. Comp, Physiol, Psychol. 56:608-611: 1963,

22, Kimeldorf, D. J.. Hunt, E. L. lonizing radiation* Neural function and
behavior. New York: Academic Press: 1965,

23. Kimeldorf, D. J.. Jones, D. C. The relationship of radiation dose
lethality among exercised animals exposed to Roentgen rays. Am. J.
Physiol. 167:626-632; 1951.

24, Kimeldorf, D. J.: Jones, D. C.; Castanera, T. J. Effect of x-irradiation
upon the performance of daily exhaustive exercise by the rat Am J
Physiol. 174:331-335; 1953,

25. Kirh, R, E. Experimental design: Procedures for the behavioral
sciences. Belmont: Brooks/Cole; 1968.

26. Leander, J. D. Effects of food deprivation on free-operant avoidance
behavior, J. Exp. Anal. Behav. 19:17-24: 1973,

27. McMillan, D. E.; Leander, J. D. Effects of drugs on schedule-
controlled behavior. In. Glick, S. D., Goldfarb, J , eds Bchavioral
pharmacology. St. Louis: The C. V. Mosby Co.: 1976:85-139.

28. Mele, P, C.; Franz, C. G.; Harrison, J, R. Effects of sublethal doses
of iomizing radiation on schedule-controlled performance in rats
Pharmacol. Biochem. Behav. 30:1007-1014; 1988.

29. Mele, P. C., McDonough, J. H. Effects of ionizing radiation on
multiple schedule performance in rats. Paper presented at the 7th
Annual Meeting of the Behavioral Toxicology Society, Savannah,
GA: 1988.

30. Meyer, M. E.; Adams, W. A.: Worthen, V. K. Deprivation and
escape conditioning with various intensitics of shock. Psychon. Sci.
14:212-214; 1969.

31, Nims, L. F.; Sutton, E. Weight changes and water consumption of
rats exposed to whole-body x-irradiation. Am. J, Physiol. 171:17-21;
1952,

32. Radiation quantitics and measurements. International Commission on
Radiation Units and Measurements, Report No 33 Washington, DC;
1980.

33. Sacher G. A. Reparable and irreparable injury* a survey of the position
in experiment and theory. In. Claus, W. D , ed Radiation biology and
medicine. Reading: Addison-Wesley: 1958.

34. Smith, W. W.; Highman, B. J.. Mitchell, J. R.; Blount, H, C., Jr,
Effect of environmental temperature on the response of mice to
whole-body rocntgen radiation. Proc. Soc. Exp Biol. Med 71°
498-501: 1949.

35. Smith, D. E.; Tyree, E. B. Influence of x-irradiation upon body
weight and food consumption of the rat. Am J. Physiol. 177
251~260; 1954.

36. Ukai, M., Holtzman, S G. Resiricted feeding does not modify
discriminative stimulus effects of morphine in the rat. Pharmacol.
Biochem. Behav. 29:201-203; 1988.

37. Wicker. J. E.. Brown. W. L. The cffect of gamma radiation upon
operant water-reinforcement behavior. J. Genet. Psychol. 106:295-
299; 1965.

38. Winograd, E. Escape behavior under different fixed ratios and shock
intensities. J. Exp. Anal. Behav. 8:117-124; 1965,

39. Withers, H. R. The four R's of radiotherapy. In- Lett, J. T.: Adler,
H., eds. Advances in radiation biology. New York® Academic Press;
1975.

40. Yochmowitz, M. G., Brown, G. C. Performance in a 12-hour,
300-rad profile. Aviat. Space Znviron. Med. 48:241-247; 1977,




Psychopharmacology (1990) 101:332-337

Psychopharmacology
© Springer-Verlag 1990

ARMED FORCES RADIONIOLOGY
AESEARCH INSTITUTE

SCIENTIFIC REPORT

SR90-17

Brain p and 6 opioid receptors mediate different locomotor
hyperactivity responses of the C57BL/6J mouse

G. Andrew Mickley, Maureen A. Mulvihill, and Mark A. Postler
Behavioral Suiences Department, Armed Forces Radiobiology Research Institute, Bethesda, MD 20814 5145, USA

Received July 24, 1989 / Final version December 26, 1989

Abstract. Morphine induces a dose-dependent stereoty p-
ic locomotor hyperactivity in the C57BL,6J mouse. Al-
though morphine is the prototypical opioid p receptor
agonist, it also binds at § sites. This has led to speculation
as to which set(s) of receptor subtypes mediate opiate-
induced locomotor hyperactivity. Here we use selective
p and 9 receptor agomsts as well as a sophisticated
activity measuring apparatus to investigate the neuro-
pharmacology of opioid-induced locomotion in the
mouse. Male C57BL, 6J mice were implanted with chron-
ic bilateral cannula aimed at the lateral ventricles. Fol-
lowing recovery from surgery, mice received a series
of bilateral 1 pl intraventricular (i.vent.) injections of
[D-Ala2-MePhe*-Glyol®] enkephalin (DAGO) (0.1, 1.0,
2.0 pg), [D-Pen?, D-Pen®] enkeplialin (DPDPE) (2.5,
5.0, 10.0, 30.0 pg) (compounds with respective p and &
opioid receptor selectivity), morphine sulfate (10.0, 20.0,
60.0 pg), or saline. Injections were separated by at least
3 days and were presented in a randomized order. We
measured several locomotor parameters following each
injection. DAGO, DPDPE and morphine each produced
horizontal locomotor hyperactivity and lengthened the
average distance per move. While morphine and DAGO
significantly reduced vertical activity (rearing) and
produced thigmotaxis (wall-hugging), DPDPE-injected
mice were similar to controls on these locomotor para-
meters. These data reveul that mouse locomotor hyperac-
tivity can be observed following injections of either mor-
phine or more-selective opioid u or & receptor agonists,
However, within the drug,dose regimens used here, we
noticed qualitative differences in the locomotor topogra-
phy produced by the selective p and 8 receptor agonists.
Mice Opioid re-

Key words: Oprates  Locomotion

ceptors ~ Thigmotaxis

While many animals manifest lethargy and a reduction
in behavioral responsiveness following a sufficiently large
dose of morphine (Browne et al. 1979), some strains of
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(RZP), USAF School of Aerospace Medicine, Brooks AFB, TX
78235-5301, USA

mice become hyperactive (Oliverio and Castellano 1974,
Teitelbaum et al. 1979). The C57BL/6J mouse, for exam-
ple, exhibits a dose-dependent, stereotypic locomotor
hyperactivity (“running fit") (Oliverio 1975) and an el-
evated “Straub” tail (Aceto et al. 1969; Oliverio 1975).
This morphine-induced running response is predomi-
nantly characterized by long-duration horizontal move-
ments — mostly around the test chamber perimeter. The
drug also produces a muscular stiffness and raised hind-
quarter posture that contributes to the “compulsive”,
“robotic™ appearance of the locomotion (Stevens et al.
1986).

Recent identification of opioid receptor subtypes
(i.e,, 1y, fas 8, K, 6 and &) (Lord et al. 1977; Wuster et
al. 1979; Wolozin and Pasternak 1981; Martin 1984) has
raised the question of possible differences in the functions
mediated by cach of the opioid receptor populations and
their ligands. Experiments aimed at determining the
physiological mediators of locomotor behaviors have
been facilitated by the use of ligands with selective opioid
receptor binding properties. For example, B-endorphin
(active at the ¢ receptor) does not produce locomotor
hyperactivity in mice (Wei et al. 1977, Puglisi-Allegra et
al. 1982). Similarly, k agonists seem more likely to de-
press rather than stimulate C57 mouse locomotion (Cas-
tellano et al. 1984). However, stimulation of opioid
p receptors (with FK 33 824, Castellano 1981) produces
arobust mouse locomotor hyperactivity, as does stimula-
tion of the reportedly enkephalin-selective & receptors
(Wei et al. 1977; Katz et al. 1978; Kameyama and Ukai
1981, 1983; Puglisi-Allegra et al. 1982).

While morphine is the prototypical p receptor agonist
(Kosterlitz et al. 1977), it may act at the 8 receptor as well
(Takemori et al. 1986; Takemori and Portoghese 1987).
Therefore, the morphine-induced locomotor response of
the C57BL/6) mouse may be mediated by either, or both,
of these receptors. A comparison of the locomotor re-
sponses produced by morphine with responses following
injections of selective p or & receptor ligands may help
reveal the roles played by these sites in the production of
opiate-induced locomotion. The locomotor topngraphies
produced by morphine and the §-selective.enkephalins
have just begun to be compared, and the results of these
studies have not always been consistent. In fact, mor-




phine- and enkephalin-induced locomotion have been
described by different authors as either quite similar
(Katz et al. 1978) or, in many ways, dissimilar (Kameya-
ma and Ukai 1983).

In the current study we injected highly selective p or
8 opioid receptor agonists (DAGO or DPDPE, respec-
tively) or morphine sulfate into the brains of C57BL/6J
mice in order to more fully characterize and differentiate
the locomotor response produced by these compounds.

Materials and methods

Subjects. Male C57BL/6J mice (15-20 g) were obtained from Jack-
son Laboratories (Bar Harbor, ME), screened for evidence of dis-
ease, and housed in a facility accredited by the American Associa-
tion for Accreditation of Laboratory Anima! Care. Temperature
and relative humidity in the animal rooms were held at 19-21° C
and 50% £ 10%, respectively, with at least ten air changes/h. Full-
spectrum lighting was cycled at 12 h intervals (lights on at 0600
hours) with no twilight. Groups of ten mice were initially housed
in micro-isolator, polycarbonate cages on hardwood chip contact
bedding. Animals were individually housed beginning 2 weeks be-
fore the experiment. Food (Wayne) Rodent Blox and acidified
water (pH 2.5 using HCI) (McPherson 1963) were available ad lib.

Locomotion measurements. Locomotor behaviors were automati-
cally recorded in a dimly lighted room between 0700 and 1100 hours
using Digiscan Animal Activity Monitors, Model DCM-16 (Om-
nitech Electronics, Columbus, OH} connected to an IBM-PC/XT
computer. Monitors consisted of a square acrylic arena
(40 x 40 x 30 cm). Horizontal movement parameters were recorded
by a 16 x 16 array of infrared photodetectors placed 2.54 cm apart
and 1.3 cm above the chamber floor. An additional 16 photodetec-
tors (spaced 2.54 cm apart and 6.3 cm above the floor) were used
to detect vertical movements. In these cxperiments we analyzed
three locomotor parameters: (1) Total Distance Traveled (i.e., the
system calculates distance traveled for each sample period by re-
cording both straight and diagonal movements within the horizont-
al photobeam grid); (2) Average Distance / Move (i.e., Total Dis-
tance Traveled divided by the number of horizontal moves. A move
is completed-when there is a > 1 s break in horizontal activity); (3)
Vertical Activity (i.c., total number of photobeam interruptions
that occur in the vertical sensors).

Stereotaxic surgery. Using stereotaxic surgical procedures, bilateral
stainless-steel guide cannulas (23 gauge) were placed in the lateral
ventricles of each mouse (0 8 mm anterior to bregma, 0.8 mm lateral
to the midline and 3.0 mm below the skull; Slotnick and Leonard
1975). Wire stylettes we re placed in the ide cannulas to keep them
patent. Prior to surgery, mice received auopine sulfate (0.4 mg/kg,
IP) followed by 75 mg/kg (IP) sodium pentobarbital. Methoxy-
flurane was also used (as 1equired) as an auxiliary anesthetic. Beha-
vioral testing was begun not carlier than 1 week fo]lowing the
surgery. At the end of these cxperiments mice were anesthetized
with methoxyflurane and perfused with heparinized saline, followed
by a 10% buffered formalin solution. Brains were removed, sliced
(20 p scctions) and stained with thionin 1n order to confirm cannula
placements.

Procedures On drug treatment days, stylettes were removed from
the guide cannulas and a 30-gauge injection cannula (0.5 mm longer
than the guide) was inserted. Mice (N=49) reccived bilateral in-
traventricular (i.vent.) injections (1 ul / hemisphere) of an opioid
agonist or vehicle (saline) at a rate of 1 pul / min. Injection cannulas
were left in the guides for an additional 30 s at the end of the
injection before mice were placed in the activity monitors. Loco-
motor activity was recorded for 20 min ulthough only data from
the 10-20 min interval were analyzed Sec statistical analysis section
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below. Subjects had multiple drug injections (not exceeding five)
separated by at least 3 days. The order of the drug treatments was
randomized. Mice were injected with the following compounds (sce
Fig. 1 for doses and number of subjects receiving each dose): (1) the
selective p opioid receptor agonist [D-Ala2-MePhe*-Glyol®] enke-
phalin (DAGO) (Handa et al. 1981 ; Kosterlitz and Paterson, 1981 ;
Pasternak 1988); (2) the selective § opioid receptor agonist [D-Pen?,
D-Pen®] enkephalin (DPDPE) (Mosberg et al. 1983; Goldstein,
1987), (3) morphine sulfate, (4) vehicle (saline). The enkephalins
were purchased from Sigma Chemical Co., St Louis, MO, USA.
In vitro studies suggest that DAGO and DPDPE are two of the
most selective agonists for the p and § opioid receptors, respectively.
DPDPE is 3164 times more selective for 8 receptors over y receptors
(Mosberg et al. 1983). DAGO has a /8 selectivity of 220/1 (Miller
1986). In vivo binding assays support similar conclusions about the
high degree of receptor selectivity of these opioid agonists (Sanchez-
Blazquez and Garzon 1989). Further, Porreca et al. (1987) and
Cowan et al. (1986) have found that opioid antagonists selective for
the 8 receptor blocked the behavioral effects of DPDPE but not p
receptor ligands. Thus, the literature seems to consistently support
the conclusion that DPDPE and DAGO are uscful tools in discrimi-
nating the particular functions of 8 and p opioid receptors.

Statistical analysis. During the first 10 min after our intracranial
injections we noticed that opioid-stimulated locomotor activity
increased rapidly, while the activity of saling-injected mice became
reduced. In order to get a more stable response that was not so
strong, a reflection of environmental novelty and/or drug absorp-
tion, we analyzed data collected from 10-20 min after the drug/
control treatments. Pilot studies from our own laboratory and
others (Stevens et al. 1986; Hart et al. 1989) suggest that data within
this time period more-accurately reflect the plateau phase of loco-
motor responding following ICV opiate injections. The data from
these experiments were not normally distributed and the group
variances were frequently non-homogeneous. Consequently, we
analyzed the data through a nonparametric ANOVA (Kruskal-
Wallis) (Siegel 1956). Individual group differences were determined
by using the Mann-Whitney U test (Siegel 1956). An o of 0.05 was
set throughout these studies. In circumstances in which multiple
group comparisons would significantly increase the probability of
a Type I error, the o was partitioned according to the procedure of
Bonferroni (Miller 1981) and the overall probability reported.

Results

The selective p and & opioid agonists (DAGO and
DPDPE) and morphine each produced horizontal loco-
motor hyperactivity (enhanced total distance traveled) in
the C57BL/6J mouse. Despite the fact that certain doses
of opioid agonists caused an increase in the total distance
traveled (as compared to saline controls, see Fig. 1),
ANOVAs calculated to determine dose-dependent activi-
ties within particular agonists did not reveal statistically
significant  differences (P>0.05, Kruskal-Wallis).
Therefore, the data derived from all doses of the same
drug were combined. This composite analysis confirmed
that DAGO, DPDPE and morphine produced levels of
horizontal locomotion that were all significantly higher
than that observed in saline controls (P<0.05, Mann-
Whitney U). Further, the selective 6 and p opioid ago-
nists stimulated the total distance traveled to levels sig-
nificantly higher than those produced by morphine
(P<0.05, Mann-Whitney U).

The opioid agonists also significantly enhanced the
length of the average distance per move. This suggests
that locomotion was infrequently interrupted by breaks
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Fig. 1A-C, Median distance travcled (A), average length of in-
dividual movements (average distance/move) (B) and vertical activ-
ity (C) exhibited by C57BL/6J mice in a 10-min period following
intraventricular doses of opioid agonists [DPDPE (selective for &
receptors), morphine or (DAGO) (selective for p receptors)] or
saline vehicle (control). The following drug doses (in pg) were
administeed to the subjects through bilateral injections (i.c., half
the indicated amount was injected into cach hemisphere in 1 pl
vehicle: DPDPE —2.5 (N=10), 5.0 (N=5), 10.0 (N=7), 30.0
(N=8), DAGO - 0.1 (N=10), 1.0 (N=10), 2.0 (N= 10), Morphine
sulfate —10.0 (N=10), 20.0 (N=7), 60.0 (N = 9), Vehicle control
(saline) (N =19). Variance indicators represent the semi-interquar-
tile range. The * indicates a significant {P <0.05, Mann-Whitney U)
difference from the saline control group. There were no statistically
sigmficant differences between the locomotor responses to various
doses of particular compounds. The ** identifies differences
(P<0.05, Mann-Whitney U) from saline control mice when all the
animals reeeiving a particular agomist were combined. The 1 reflects
statistivally siguilicant dilferciiees rom morphine-injected mice,
while the # indicates differences from DPDPE-treated mice (P <
0.05, Mann-Whitney U)

of >1s. The group differences observed using this para-
meter closely paralleled those just described for the total
distance traveled (Fig. 1). Once begun, movements of
mice treated witlh DAGO, DPDPE or morphine were
significantly longer (medians =242.0, 206.9, and 113.6
cm, respectively, for combined drug doses) than were
movements of the saline-injected controls (74.9 cm)

DAGO (0.1ug)

DPDPE {2.5xg)

Fig. 2. Examples of horizontal activity tracings produced by in-
dividual C57BL/6J mice in a 6-min period following bilateral injec-
tions (i. vent.) of the indicated opioid agonist or saline

(P<0.05, Mann-Whitney U). Both the selective & and p
opioid receptor agonists produced longer horizontal
moves than did morphine (P <0.05, Mann-Whitney U).

Vertical activity (rearing) was reduced (compared to
saline-injected mice) only after certain doses of morphine
(10 pg) or DAGO (0.1 pg) (Fig. 1). Overall, however,
changes in vertical activity were drug dependent but not
dose dependent (P> 0.05, Kruskal-Wallis comparing the
vertical activity associated with various doses of each
drug). Therefore, when we combined the vertical activity
data from all the animals receiving all doses of a par-
ticular opioid agonist and compared these data with the
rearing counts of saline-injected mice, a suppression of
vertical activity was revealed in DAGO-treated mice only
(P <0.05, Mann-Whitney U). Overall, the vertical activ-
ity evoked by DPDPE was not quantitatively different
from that observed in saline-injected mice and it was
significantly greater than that produced by doses of ei-
ther morphine or DAGO (P <0.05, Mann-Whitney U).

The qualitative aspects of the locomotion evoked by
each of the opioid agonists were different in several re-
spects. Morphine-induced locomotor hyperactivity was
characterized by “robotic” movements, of long duration.,
These movements were almost exclusively thigmotaxic,
i.e., made around the periphery of the test chamber (see
Fig. 2). Like others (Aceto et al. 1969; Katz et al. 1978;
Oliverio et al. 1984), we observed Straub tails, a muscular
stiffness and clevation of the hind quarters in these
opiate-treated animals. The topography of locomotion
of DAGO-injected mice was dose independent and quite
similar to that of mice that received morphine. Straub
tails were rarely observed in the DPDPE-injected mice.
Rearing was also observed less frequently in DAGO-
injected mice than in morphine-injected subjects. While




mice injected with DPDPE covered as much, or more,
distance as the subjects receiving either DAGO or mor-
phine (Fig. 1) their movements were much less stereotyp-
ic, did not follow the contours of the test chamber (Fig.
2), and included a strong vertical component.

Discussion

Within the constraints of the drugf/dose regimens used
here, we observed that mouse locomotion following
i.vent. injections of morphine is, in many ways, similar
to that produced by the u recepior agonist DAGO. How-
ever, morphine-induced locomotion is dissimilar from
the hyperactivity observed after injection of an opioid
agonist (DPDPE) selective for the § receptor. These ob-
servations support and extend the findings of others
(Carroli and Sharp 1972; Castellano and Oliverio 1975,
Shuster et al. 1975; Kameyama and Ukai 1983; Oliverio
ct al. 1984; Cowan et al. 1986).

Different locomotor effects have been reported fol-
lowing injections of enkephalins that act, with some
selectivity, at the & receptor. For example, Bhargava
(1978) reported a suppression of locomotion foliowing
an i.vent. injection of methioninc-enkephalin in mice
(Swiss-Webster) known to exhibit morphine-induced
hyperactivity. Whereas, Katz et al. (1978) observed a
sustained increase in locomotion following i.vent. injec-
tions of enkephalin analogues (D-Ala? Leu and Met-
enkephalin-amides) in the Swiss-Webster mouse. Sim-
ilarly, Puglisi-Allegra et al. (1982) reported stimulated
locomotion after i.vent. injections of D-Ala?, Leu-enke-

"phalin-amide in the C57BL'S mouse. These previous
studies used cnkephalins that are less selective for &
receptors than is DPDPE (Mosberg et al. 1983). Still, our
data agree with the preponderance of evidence that §
receptor agonists can cause mouse locomotor hyper-
activity.

Despite the fact that DPDPE stimulated horizontal
locomotion to levels similar to those produced by mor-
phine and DAGO, our findings suggest that the character
of movements produced by opioid & receptor activation
is quite dissimilar from that observed following an injec-
tion of a p receptor agonist. In particular, § opioid
receptor activation caused frequent rearing and non-
stereotypic hyperactivity throughout all areas of the test
chamber. On the other hand, the p receptor ligand sup-
pressed rearing and caused thigmotaxis. This observa-
tion of different locomotor topographies induced by p or
8 receptor agonists seems consistent with other reports
(Volterra et al 1984) suggesting that a selective § recep-
tor antagonist (ICI 154129) does not influence the sti-
mulant effect of morphine on mouse horizontal locomo-
tion. Further, Cowan et al. (1986) found that DPDPE-
induced vertical rearing (in the rat) was selectively re-
duced by an injection of the & receptor antagonist 1CI
174864.

Thigmotaxic responses recorded following injections
of either DAGO or morphine were profound and, in
some ways, similar to those observed in rats following
scopolamine, apomorphine (Geyer et al. 1986) or lysergic
acid diethylamide (LSD) (Adams and Geyer 1985). Since
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thigmotaxis involves avoidance of novel central areas in
an open field, some investigators have interpreted this
response as being characteristic of an increase in “emo-
tionality” (Hall 1934; Royce 1977) or hallucinogenic
activity (Adams and Geyer 1985; Gold et al. 1988). Our
data suggest that what Hall (1934) described as “emo-
tional” components of opioid-stimulated motor activity
may be mediated more directly by p than § opioid recep-
tor subtypes.

The fact that C57 mouse locomotion is quite sensitive
to the stimulatory effects of the original prototypical p
agonist, morphine (Moskowitz et al. 1985), along with
the finding that this mouse strain has a large number of
|t receptors in brain motor areas (Moskowitz and Good-
man 1985), has suggested the hypothesis that p receptors
play a prominent role in the production of opiate-in-
duced running fits (Oliverio et al. 1984). This hypothesis
is supported by our findings, since DAGO induced a
motor response topographically similar to that produced
by morphine. Based on the present data, however, we
cannot exclude some synergistic action of morphine at
both p and & receptors. The involvement of multiple
receptor sites in the production of morphine-stimulated
locomotion is consistent with previously reported data
suggesting that the variable proportions of p and §
opioid receptors in different mouse strains may explain
the dissimilarities in their quantity of morphine-induced
locomotion (Reggiani et al. 1980; Castellano et al. 1984;
Oliverio et al. 1984). Recently, an additional receptor
(n,) with high affinities for both opiates and enkephalins
has been identified (Pasternak 1988). Future investiga-
tions might test the hypothesis that the p, receptor plays
a role in integrating the behavioral effects mediated by
either the p, sites (which preferentially bind morphine)
and 9 sites (which selectively bind enkephalins).

Most of our behavioral effects were dose indepen-
dent. This is surprising, since morphine has been shown
to produce a dose-dependent hyperactivity when it is
administered to C57 mice via a peripheral route (Cas-
tellano and Oliverio 1975). Since the i.vent. doses of all
the opioid agonists employed in the current study
produced surprisingly flat dose/response functions, this
leads us to speculate that we may not have tested mor-
phine, DAGO and DPDPE over their full range of activ-
ity. If this is true, it is difficult to make unequivocal
statements about the identity of the receptors mediating
quantitative differences in opioid-stimulated locomotion.
For example, different amounts of horizontal activity
following DAGO and morphine may represent different
parts of an as-yct-fully-described duse/tesponse vurve,
Perhaps the distinct qualitative differences observed in
locomotor topography (e.g., rearing, thigmotaxis) and
postures (Straub tail) may more readily allow us to
characterize components of locomotion produced by the
selective it or 8 opioid receptor agonists used here.

The dose-independence of our behavioral phenome-
na belies the fact that the levels of agonist used in the
present study covered a relatively wide gamut. The in-
traventricular doses of morphine administered in this
study were both higher (60 pg) and lower (10, 20 ug) than
those previously reported (Stevens et al. 1986). In the
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case of the opioid p receptor agonist DAGO, we em-
ployed doses spanning a 20-fold range. DPDPE (6 recep-
tor agonist) and morphine sulfate were administered in
dose ranges that encompassed 12 and 6 orders of mag-
nitude, respectively. The concentrations of intraventri-
cular DAGO, DPDPE and morphine we selected are of
similar size and range as those used by others characteriz-
ing opioid receptor involvement in mouse behavior (Hey-
man et al. 1987; Porreca et al. 1987). Further, the doses
used here were chosen with knowledge of the relative
behavioral potencies of these opioid agonists (i.e.,
DAGO > DPDPE > morphine) in producing analgesia
(Dickenson et al. 1987, Galligan et al. 1987) or place
conditioning (Bals-Kubik et al. 1989). Our data highlight
the fact that the selection of appropriate drug doses is a
complicated issue that is dependent on receptor popula-
tions present, selectivity and potency of the agonists,
distribution and kinetics of the drug in the test system,
and knowledge of the behavior of interest.

It should be noted that the relatively flat dose/
response curves reported here are not unprecedented.
Others have found similar relationships between pain
responsivity and intraventricular injections of DPDPE
(administered within the range also used in the current
experiment, Heyman et al. 1987). Further, when mouse
vertical activity (rearing) is the dependent variable, a
relatively flat dose/response relationship exists following
a 10-fold range of injections of DPDPE (3-30 mg/kg, SC)
(Cowan et al. 1986). Our data corroborate these previous
reports and reveal the unexpected finding that the loco-
motor stimulation evoked by our three different opioid
agonists are strikingly insensitive to dose manipulation.

In summary, morphine and opioid agonists more
selective for either pu or § receptors all produced loco-
motor hyperactivity in the C57BL/6Y mouse. Different
horizontal movement response topographies and en-
hanced rearing distinguished DPDPE-stimulated loco-
motor hyperactivity from that following morphine or
DAGO. Although we administered opioid agonists in a
variety of doses, locomotion was rather insensitive to this
dose manipulation. Future studies may reveal more ap-
parent dose dependent locomotor phenomena and thereby
allow a complete characterization of the role of w-and §
opioid receptors in C57BL/6] mouse hyperactivity.
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In Vivo Modulation With Anti-Interleukin-1 (IL-1) Receptor (p80) Antibody 35F5
of the Response to IL-1. The Relationship of Radioprotection, Colony-Stimulating
Factor, and IL-6

By R. Neta, S.N. Vogel, J.M. Plocinski, N.S. Tare, W. Benjamin, R. Chizzonite, and M. Pilcher

Interleukin-1 (IL-1) is radioprotective and induces both
circulating colony-stimulating factor(s) (CSF) and IL-6 in
mice. We evaluated the relationship among these three
responses to IL-1 using anti~IL-1 receptor antibody 35FS.
This antibody in vitro blocks responses of T cells and
fibroblasts, but not of B cells or myeloid cell lines, to IL-1.
Administration of 35F5 alone before irradiation reduced
the number of surviving mice compared with those not
treated with 35F5, demonstrating that endogenous IL-1
participates in the natural resistance to radiation. Thirty
micrograms of 35F5 per mouse also reduced by 92% the
survival of irradiated mice pretreated with 0.3 ug of IL-1.
Similarly, 30 ug of 35F5 reduced by 96% to 98% the
induction of IL-6 by IL-1. In contrast, 30 ug of 35F5 resulted

THE MECHANISM(S) that underlic the action of

biologic radioprotectors (inflammatory or immunomod-
ulatory agents) remain speculative, despite decades of re-
scarch. The use of interleukin-1 (IL-1), a radioprotective
cytokine that has a recognized range of activitics and
activates cells by identified specific receptors,? permits the
study of these mechanisms in more detail. Several of the
recognized activitics of [L- 1 have been suggested to provide a
basis for its radioprotective effect. IL-1 induces the appear
ance of colony-stimulating factors (CSFs) and iL-6 in the
circulation, and stimulates the production of CSF and IL-6
by cultured fibroblasts, endothelial cells, and macrophages.*"'
Although not radioprotective when administered alone, both
CSFs (granulocyte-CSF [G-CSF] and granulocyte-macro-
phage-CSF [GM-CSF])) and IL-6 synergized with subopti-
mal doses of IL-1 to induce radioprotection.*'?

Furthermore, IL-1 administration initiates cycling of my-
eloid progenitor cells in the marrow.'*** This cycling is
thought to depend on the presence of hematopoietic growth
factors, such as CSFs and IL-6, and on direct interaction of
IL-1 and IL-6 with early progenitor cells.'*'" However.
direct cvidence that the above mechanisms are essential for
radioprotection remains to be established.

Recently, a monoclonal antibody to the IL-1 receptor was
developed. This agent binds only to T lymphocytes and
fibroblasts but not to-B-lymphocytes, neutrophils, and my-
cloid cell lines.'™® This antibody may provide a means to
dissociate those events induced by IL-1 that occur indepen-
dent of radioprotection. We used this antibody in mice and
compared its effect on the activity of 11.-1 as a radioprotector
with its effect as an inducer of circulating CSF and IL-6.

MATERIALS AND METHODS

Mice. CD2F1 male mice were purchased from the Animal
Genetics and Production Branch, National Cancer Institute, Na-
tional Institutes of Health (Frederick, MD). Mice were quarantined
on arrival and screened for evidence of disease before being released
from quarantine. They were maintained in an AAALAC-accredited
faciity 1n plastic Micro-isolator cages on hardwood chip contact
bedding, and given commercial rodent chow and acidified (HC1 toa
pH of 2.5)-tap water ad libitum. Animal holding rooms were
maintained at 70°F + 2°F with-50% x 10% relative humidity, using
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in only moderate reduction of circulating CSF. Conse-
quently, the level of circulating CSF after 35F5 treatment
was still equivalent to levels of CSF that were induced by
doses of IL-1 in the radioprotective range. Eecause treat-
ment with 35F5 antibody resuited in the biocking of
IL-1-reduced radioprotection, the above results suggest
that circulating CSF, by itself, may not be sufficient for
radioprotection. This conclusion supports our previous
results which showed that granulocyte-macrophage CSF
(GM-CSF) and G-CSF were radioprotective only when
administered with suboptimal doses of IL-1.

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

at least 10 air changes per hour of 100% conditioned fresh air. The
mice were on a 12-hour light-dark full-spectrum lighting cycle with
no twilight. Mice were 8 to 12 wecks old when used. All cage
cleaning, handling, and injections were performed in a laminar flow
clean air unit.

Reagents. Human recombinant IL-1a and anti~IL-1 receptor
antibody (35F5), a rat anti-mouse monoclonal immunoglobulin G,
[18G,] were prepared at Hoffmann-La Roche (Nutley, NJ). Control
rat IgG was purchased from Sigma Chemical Co (St Louis, MO).

The antibody and the recombinant IL-1a were diluted in pyrogen-
free saline on the day of injection. The antibody was given intraperi-
toneally (ip) according to the protocol previously developed at
Hoffmann-La Roche (unpublished results, 1989), 6 hours before ip
injection of IL-1. Mice were anesthetized with methapane and were
exanguinated 2 to 3 hours after IL-1 administration.

Irradiation. Mice were placed in Plexiglass containers and were
given whole-body irradiation at 40 ¢cGy/min by bilaterally posi-
tioned ®Co elements. The number of surviving mice was recorded
daily for 30 days.

Stromal cell culture. Murine bone marrow stromal cell cultures
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were cstablished using a modification of the method described by
Dexter et al®® for long-term marrow culutre. Briefly, bone marrow
cells from one femur (approximtely 2 x 10 cells) of a 6-weck-old
C57B1/6J female mouse (Jackson Laboratory, Bar Harbor, ME)
were cultured in a 25-cm® tissue culture flask (Costar, Cambridge,
MA) containing 5 mL minimum essential « medium (GIBCO,
Grand Island, NY) supplemented with 25% horse serum, 1 x 107°
mol/L hydrocortisone 21-hemisuccinate (Sigma, St Louis, MO),
and antibiotics. After 1 week of incubation at 33°C in a humidified
atmosphere containing 5% CO,, 95%air, half oy the culture medium
was replaced. After an additional 2 weeks of cult: ¢, a sub-confluent
monolayer of adherent stromal cells, as well as hematopoietic
colonies, could be observed. At this time, the medium was changed to
contain 10% fetal bovine serum (HyClone, Logan, UT), plus 10%
horse serum and 5 x 10~7 mol/L hydrocortisone, and the cultures
were transferred to a 37°C incubator. Once confluent, cultures were
trypsinized and passaged at 1- to 2-week intervals. During a 6-month
sclection period, several phenotypically distinct homogenous adher-
ent stromal cell cultures were isolated. To determine the effect of
35F5 antibody on production of IL-1-stimulated cytokines, stromal
culture cells were incubated for 72 hours with 130 pg/mL of IL-1 in
the presence or absence of 100 pg/mL 35F5 antibody or rat IgG.
Supernatants were assayed as described.

Measurement of IL-6 activity. 1L-6 activity in the serum and
stromal cell supernatants was determined by using the hybridoma
growth factor assay described by Aarden et al.®' This method uses
the IL-6-dependent hybridoma, B9, in a conventional microprolifer-
ation assay. Briefly, individual samples were initially treated to
several 10-fold dilutions in the assay medium (RPMI 164C. 10%
fetal calf serum (FCS), 5 x 10~* mol/L 2-mercaptoethanol (2ME),
and 50 ug/mL gentamycin). Samples were subjected to twofold
serial dilutions in 96-well culture plates containing 0.1 mL of »ssay
medium per well. We then added 2,000 B9 cells in 0.1 mL of assay
medium to each well (final volume 0.2 mL). The cultures were
incubated at 37°C in a humidified atmosphere of 5% CO,. After 72
hours, the cultures were pulsed with 0.5 uC *H-thymidine/wel! for
18 hours, harvested onto glass fiber filters, and counted in & liguid
scintillation counter One hybridoma growth factor unit was defined
as the reciprocal of the dilution that yielded 50% of the maximal
*H-thymidine incorporation,

Measurement of CSF activity in the serum and supernatant.
Mice were bled 2 to 3 hrs after IL-t injection, and serum was
collected by centrifugation after clot formation. CSF activity was
measured in pooled serum samples collected from 4 to 5 mice per
treatment group per experiment. Supernatants were collected from
the stromal cell cultures as described above. The bone marrow colony
assay for CSF activity has been described in detail.® Briefly,
C3H/H.J bone marrow cells were enriched for mononuclear cells by
density gradient centrifugation on lymphocyte separation medium
(Litton Bionetics, Charleston, SC). The cells collected from the
interface of the gradient were washed and resuspended in RPMI
1640 supplemented with antibiotics, glutamine, sodium bicarbonate,
HEPES buffer, and 15% FCS. Three serial twofold dilutions of each
serum sample (30%, 15%, and 7.5% vol/vol) or two fourfold dilutions
of stromal cclls supernatant sample (20% and- 5% vol/vol) were
prepared in this medium, and 0.2 mL of each dilution was added to
each duplicatc well in a 6-well tissue culture plate. A final cell
suspension was prepared of 1 x 10° cells/mL in complete medium
supplemented with 0.35% Bacto-Agar (Difco, Detroit, MI) and
maintained at 41°C. Immediately afier resuspension of the cells in
the agar-medium mixture, 1 mL of this medium was added to each
well Once solidified, the cultures were incubated at 37°C, 6% CO,,
for 6 to 7 days, at which time colonics (=25 cells per colony) were
counted under a dissccting microscope. CSF activity was expressed
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Table 1. Radiosensitization of Mice With Anti-IL-1 Receptor

Antibody 35F5
Treatment® Dead/Total Survival (%)
Saline 7/16 56
Ratlg 4/8 50
35F5 21/26 20t

*CD2F 1 mice received 100 ug of 35F5 antibody, vehicle, or equivalent
amount of rat Ig 6 hours before irradiation with 825 cGy. Combined
results of three experiments.

1P < .05 compared with saline control,

as colony-forming units per milliliter, based on colony count within
the linear part of the dilution curve.

Statistical analpsis. Statistical evaluation of the results was
done using chi-square analysis.

RESULTS

Effect of anti-IL-1 receptor antibody 35F5 on radiation
sensitivity of mice. We have shown that pretreatment with
IL-1 confers radioprotection on mice.*® Conversely, others
have shown that radiation results in a subsequent increase in
IL-1.2% To determine if endogenous IL-1 is important in
protection from damage by ionizing radiation, mice were
administered the 35F5 antibody, control rat Ig, or saline
before midlethal irradiation (Table 1). The results show
clearly that pretreatment with the 35F5 antibody reduces the
survivat of mice significantly.

The effect of 35F5 antibody on radioprotection induced by
IL-1. The 35F5 antibody has been shown to bleck the effect
of IL-1 only on selected cell populations: fibroblasts and
T-lymphoid cells, but not myeloid cells and B lymphocytes.'**
Therefore, we determined whether treatment with 35F5
could reduce the radioprotective effect of IL-1. Experimental
mice were administered the 35F5 antibody, while control
mice were treated with either rat Ig at equivalent concentra-
tions or saline 6 hours before injection of 0.3 ug of IL-1, and
exposed to lethal irradiation 20 hours later. The results
demonstrate that even the 30-ug dose of the antibody almost
completely blocked the radioprotective action of IL-1 (Table
2).

Dose-dependence of the radioprotective effect and-CSF-
inducing effects of IL-1. 'We have previously shown that
IL-1 induces the release of CSF into circulation.’ The
increase in circulating CSF and the corresponding increase
in radioprotection is dependent on the dose of IL-1 (Table 3).
The results show that at IL-1 doses above 0.1 ug, ihe titers of
CSF approach plateau values (Tables 3 and 4). However,

Tablr, 2. Effect of Anti-IL-1 Receptor Antibody 35F5 on
Radioprotection With IL-1

Treatmant® Desd/Tora! Survival (%}
Ratlg 53/54 2
IL-1 15/78 81
IL-1 4 35F5 (30 pg) 44/48 8
1IL-1 -+ 35F5 (150 ug) 48/52 8

*CD2F 1 mice recetved ip snjection of 35F5 antibody followed 6 hours
later with 1p injection of 0.3 ug of iL-1. Control mice received r3¢ 19G (100
ng), followed by saline injection. Twenty hours after injection of IL-1, the
mice were irradiated with 950 cGy.




MODULATION OF 1L-1 RESPONSE WITH ANTI-IL-1 RECEPTOR

Table 3. Relationship of the Effect of Increasing Doses of IL-1 on
Radioprotection and CSF in Serum of Mice

Dose of CSF titer® Survival
IL-1 {ug) (£SEM) Dead/Total* (%)
Saline <20 15/16 6
0.05 1,430 = 450 14/19 26
0.10 2,140 = 520 12/20 40%
0.30 3,220 = 570 5/20 75¢
0.50 2,880 + 280 2/12 83t

*The resuits are the means {+SEM) of three experiments using pooled
serum from three mice per group. Radioprotection results are derived
from two experiments (950 cGy).

$P < .05 compared with saline controls.

radioprotection increases more gradually, with 0.1 ug of IL-1
conferring 40%; 0.3 ug, 75%; and 0.5 ug, 83% protection. A
dose of 0.05 ug of IL-1 conferred only limited radioprotec-
tion, but a significant increase in circulating CSF.

The effect of 35F5 antibody on levels of CSF in circula-
tion. To determinc if induction of CSF with IL-1 was also
blocked by 35F5, we used IL-1 in concentrations of 0.1 ug
and 0.5 pg, doses just above and below those used in the
radioprotection experiments (0.3 ug). Table 4 shows that
both 0.1 ug and 0.5 ug of IL-1 induced high titers of CSF in
circulation. The use of 35F5 antibody reduced CSF in a
dose-dependent manner: 30 ug of 35F5 reduced by 16% the
titers that were induced by a 0.5-ug dose, and reduced by
52% the titers induced by a 0.1-ug dose of IL-1. Thus, we
assume that the 35F5 reduction of CSF induced with 0.3 ug
of IL-1 is within the above-mentioned percentage range.
Thirty micrograms of the 35F5 antibody with 0.1 pg of IL-1
reduced titers of CSF to levels comparable with those
induced with 0.05 ug of IL-1 given alone. The same dose of
antibody (30 ug) used with 0.5 pg of IL-1 reduced CSFto a
level similar to that induced with 0.1 ug of IL-1.

The effect of 35F5 antibody on levels of circulating IL-6.
Our previous work established that IL-1 induces high titers
of IL-6 in circulation within 2 to 4 hours after injection.* We
examined the effect of 35F5 antibody on the IL-1-induced
increase in serum I1L-6. Low doses of 35F5 (30 ug) resulted in
96% and 98% reductions in 1L-6 titers at 0.5 ug and 0.1 pg of
IL-1, respectively (Table 4). Thus, we observed a more
complete abrogation in IL-6 than in CSF.

The effect of 35F5 antibody on production of CSF and
IL-6 by stromal cells. 1L-1 has been shown to induce
production of CSF and IL-€ in bone marrow stromal cells.
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The type of IL-1 receptor on these cells has not been
determined. Thercfore, the effect of 35F5 antibody on
IL-1-induced production of CSF and IL-6 by stromal cells
was examined in vitro. IL-1-induced production of IL-6 and
CSF was found to be reduced in the presence of 35F5
antibody (Table 5). Rat IgG, alone or in the presence of IL-1,
did not effect CSF or IL-6 production (results not shown).
These resuits show that 35F5 anti-IL-1 receptor antibody
blocks stromal cell responses to IL-1, indicating that these
cells express receptors similar to those on EL-4 cells.

DISCUSSION

Anti-IL-1 receptor antibody (35F5) administered to mice
before irradiation with 825 cGy rendered them more suscep-
tible to the lethal effects of radiation. This result provides the
first direct evidence that endogenously produced IL-1 plays
an important role in protection from radiation injury. It has
been observed previously that radiation induces production
of IL-1.2% In view of the present results, the presence of
endogenously produced IL-1 after irradiation may represent
a natural defense mechanism of the host against damage
from ionizing radiation. Furthermore, our previous finding
that treatment with pharmacologic doses of IL-1 (10 ug/
mouse) after irradiation protects mice frc.n death,” suggests
that insufficient amounts of IL-1 may be produced endoge-
nously because an additional exogenous supply of IL-1 is
required for a greater degree of protection.

Figure 1 summarizes the effects of 35F5 on radioprotec-
tion (Table 2) and on serum CSF and [L-6 production (Table
4). Anti-IL-1 receptor antibody 35F5 administered to mice
before injection of recombinant IL-1 reduced the radioprotec-
tive effects of IL-1 from 81% survival to 8% survival.
Increasing doses of antibody (from 30 ug to 150 ug) had no
additional effect. However, the same dose of antibody (30
pg) that blocked the radioprotective effect of IL-1 resulted in
a comparatively small (between 16% and 50%) reduction in
the titers of circulating CSF. Thus, despite the remaining
high titers of circulating CSF, 92% of IL-1-treated mice
given antibody succumbed to radiation-induced lethality.
Increasing the dose of antibody to 150 ug reduced the CSF
production, which was induced by 0.1 ug of IL-1, by 95%.
Therefore, it appears that higher doses of 35F5 antibody can
block the appearance of CSF in the circulation.

The 30-ug dose of 35F5 antibody not only blocked IL-1-
induced radioprotection, but also greatly reduced the level of
IL-6 in circulation. These results suggest that cells with

Table 4. Effect of Anti-IL-1 Receptor Antibody 35F6 on IL-1~Induced CSF Production

CSF Titer Reduction iL-6 Titer Reduction

Treatment (ug)® (% SEM) (%) (+ SEM) (%)
It-1(0.1) 2,300 + 347 —_ 7,940 + 4,860 —_
1L-1{0.5) 2,885 + 278 —_ 44,800 = 6,400 —_
IL-1(0.1) + 35F5 (30} 1,110 + 330 52 132 = 68 98
IL-1(0.5) + 35F5 {30) 2,412 + 97 16 2,110 = 1,090 96
ih-1(0.1) 4 35F5 (150) 160 + 70 95 <100 100
IL-1(0.5) + 35F5 (150) 1,160 = 725 60 1,310 +.290 87
Centrol <20 —_ <100 100

*CD2+ 1 mace were bled 2 to 3 hours after IL-1 injection and serum was assayed for the presence of CSF or IL-6 (using the IL-6 - dependent hybridoma
B9). The results represent the means (= SEM) of three experiments using pooled serum from 3 to 5 mice in each experiment,
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Table 5. Inhibition of IL-1 Stimulated Release of IL-6 and CSF
From Bone Marrow Stomal Cells by 36F5 Antibody

Treatment®
IL-1 35F5 IL-6 (U/mL) (£SD) CSF (U/ml) (+SD)
- - 60 = 20 1,650 + 850
- + 60 x 20 1,425 + 825
+ - 22,400 = 4,200 5,125 + 875
+ + 180 = 60 2,075 » 475

*Bone marrow stromal cell cultures were incubated with 130 pg/mL
ILl-1 and/or 100 ug/mL 35F5 antibody. Culture supernatants were
collected after 72 hours, and IL-6 and CSF were deterruned as described
in Materials and Methods. Rat IgG in doses equivalent to 35F5 was used
as control and had no effect. Results are the average from two
experiments.

identical IL-1 receptor participate in radioprotection and
IL-1-induced IL-6 release. Although combined therapy with
IL-1 and IL-6 achicved synergistic radioprotection,’ this
close correlation of radioprotection and the presence of IL-6
in circulation does not necessarily indicate a role of circulat-
ing IL-6 in radioprotection. The importance for radioprotec-
tion of scrum versus tissue levels of cytokines, such as IL-6 or
CSFs, requires further analysis.

It is interesting to note that, in culture, 35F5 interacted
only with the type of IL-1 receptor present on T lymphocytes
and fibroblast cells, but not with the sccond type of 1L-1
receptor detected on B cells, neutrophils, and myeloid cells.'*?
In view of these findings, the nearly complete elimination of
circulating IL-6 and, at high concentration of 35F5, of CSF,
is surprising because macrophages are known to be a source
of G-CSF, GM-CSF, and IL-6,%* and are not expected to
be blocked by this antibody. One possible explanation for the
observed blocking of IL-6 and CSF may be based on the
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negligible contribution of macrophages to the levels of I1L-6
and CSF in circulation. Arother explanation may be based
on the need for a second factor, in addition to IL-1, to
stimulate the macrophages.

The fact that 1L-6 has been shown to syncrgize with a
variety of CSFs to enhance colony growth of specific progen-
itor populations®"* may underlic the apparent preferential
inhibition of 35F5 on IL-6 versus CSF activity. The whole
serum, which presumably contained a mixture of CSFs, may
have shown reduced colony-forming activity, not due to
decreased production of CSF, but rather due to climination
of synergizing IL-6. Alternatively, a specific species of CSF
may have been affected by treatment. Clearly, the use of
CSF-type specific antibodies will be necessary to determine
whether a lower dose of 35F5 antibody blocks only the
release of selected Liematopoietic growth factors.

Our results show that an increase of CSF in circulation
was initially a function of the dose of IL-1, but reached a
plateau at doses excceding 0.1 ug of IL-1 (Tables 3 and 4),
with differences not observed at dose increases ranging from
0.3 to 0.5 ug. In contrast, radioprotection was dose-
dependent in a more gradual fashion, with 0.05-ug doses
conferring protection to 25% of mice, 0.1 ug protecting 40%,
and 0.3 t0 0.5 ug protecting 75% to 83% of mice. Comparison
of the results leads to the conclusion that the mere presence
of high- titers of CSF in circulation is not sufficient for
radioprotection (Tables 2 through 4). This conclusion is also
supported by the observation that IL-1-induced radioprotec-
tion is strain-specific,”® whereas IL-1~induced CSF is ob-
served in all mouse strains.

The finding that 35F5 antibody blocks the release of IL-6
and CSF by IL-1~stimulated stromal cells suggests that
stromal cells express T-type IL-1 receptors. Hence, 35F5
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Fig1. Comparison of the effects of 35F5 anti~IL-1-receptor antibody on li-1-induced radioprotection and production of IL-6 and CSF.
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may dircctly block CSF and IL-6 production in the bone
marrow. 35F5 may also have an indirect cffect on bone
marrow cells, as indicated by the observation that in IL-1-
treated mice, 35F5 greatly reduces efflux of necutrophils
(Benjamin ct al, unpublished results, 1989). As indicated
above, neutrophils are not blocked by 35F5 from binding
1L-1. Thus, it appears that release of other IL-1-induced
factors, such as IL-8, a chemoattractant of ncutrophils, may
be blocked or reduced by 35F5.

It is notable that, in vitro, stromal cells produce CSF in
substantial quantitics within 72 hours, ¢ven in the absence of
IL-1 (Table 5). However, addition of IL-1 results in much
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higher CSF titers, which arc decreased to background levels
by 35F5. This leads to the conclusion that 35F5 blocks
IL-1-induced CSF production. These results support the hy-
pothesis that IL-1 stimulates bone marrow stromal cells to
produce other cytokines, such as 1L-6 and CSF, which sy-
nergize with IL-1 to stimulate bone marrow progenitor cells
and thus counteract the damaging effects of lethal irradiation.
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Abstract. The primary cause of death after radiation exposure is infection resulting
from myelosuppression. Because granulocytes play a critical role in host defense against
infection and because granulocyte proliferation and differentiation are enhanced by granulo-
cyte colony-stimulating factor (G-CSF), this agent was evaluated for the ability to acceler-
ate hemopoietic regeneration and to enhance survival in irradiated mice. C3H/HeN mice
were irradiated and G-CSF (2.5 pg/day, s.c.) or saline was administered on days 3-12, 1-12
or 0-12 post-irradiation. Bone marrow, splenic and peripheral blood cellularity, and bone
marrow and splenic granulocyte-macrophage progenitor cell recoveries were cvaluated in
mice exposed to 6.5 Gy. Mice exposed to 8 Gy were evaluated for multipotent hemopoietic
stem cell recovery (using endogenous spleen colony-forming units) and enhanced survival.
Results demonstrated that therapeutic G-CSF 1) accelerates hemopoietic regeneration after
radiation-induced myelosuppression, 2) enhances survival after potentially lethal irradia-
tion and 3) is most effective when initiated 1 h following exposure.

Introduction

Colony-stimulating factors (CSFs) are glycoprotein growth factors capable
of controlling the survival, proliferation and differentiation of hemopoietic pro-
genitor cells [1, 2]. At least four different CSFs that affect granulocyte (G-CSF),
macrophage (M-CSF/CSF-1), granulocyte-macrophage (GM-CSF) and multi-
potential (Multi-CSF/IL-3) progenitor cells hzve been identified. Although the
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action of some CSFs appears to be species-specific, several human CSFs cross-
react with lower species. One such factor is G-CSF, which recently has been puri-
fied [3}, molecularly cloned [4] and expressed 4s a recombinant protein [S]. The
c¢DNA of human G-CSF exhibits a 70% scquence homology to murine G-CSF
{6] and in vivo has demonstrated biolcgical activity in mice {7, 8]. G-CSF ad-
ministration has been shown to significantly increase: total granulocyte numbers
in normal animals [9, 10] and in drug-induced myelosuppressed animals (8, 11-13],
to enhance resistance to microbial infections in neutropentc cyclophosphamide-
treated animals [14] and to increase survival after lethal doses of cyclophospha-
mide [15]. Furthermore, G-CSF has been shown to produce a variety of effects
on mature granulocytss, including prolongation of survival in vitro [16], augmen-
tation of antibody-dependent cytotoxicity [17, 18}, and enhancement of phagocytosis
f1]. Recent clinical trials with cancer patients undergoing cytotoxic chemotherapy
have a . revealed granulocytopoictic effects of G-CSF in humans [19-21].
Neutropenia is a major factor contributing to infection-induced morbidity and
mortzality after radiation exposure. Ageats capable of enhancing host resistance
to infection and/or the regeneration of hemopoietic elements necessary fot effi-
cient host defense mechanisms could be useful in circumstances or myelosuppres-
sion resulting not only from radiotherapy, but atso from accidental radiation
exposures, such as those occurring recently in Chernobyl (USSR), Goiania (Brazil)
and El Salvador (San Salvador). Kobayashi et al. demonstrated that daily adminis-
tration of G-CSF to mice exposed 0 3 Gy or 5 Gy of total-body radiation acceler-
ated peripheral blood lenkocyte recovery by five to ten days and stirulated femoral
and splenic granulocyte-macrophage colony-forming cells (CFC-gm) regenera-
tion [22]. The studies presented in this paper expand on Kobayashi s original work
and describe the ability of therapeutically administered G-CSF to increase sur-
vival and to stimulate hemopoietic regeneration in more severely irradiaced mice.

Materials and Methods

Mice

C3H/HeN female mice (~20 g) were purchased from Charles River Laboratories
(Ralzigh, NC). Mice were maintained in an accredited American Association for Accredi-
tation of Laboratory Animal Care facility in micro-isolator cages on hardwoced-chip, ~~-
tact bedding and were provided commercial rodent chow and acidified water (pH 2.5) ad
libitum. Aniinal rooms were equipped with full-spectrum light from 6 a.m. to 6 p.ra. and
were maintained at 70 4 2°F with 50 + 10% relative humidity using at least 10 air changes
per hour of 100% conditioned fresh air. Upon arrival, all mice were tested for Pseudo-
monas and quarantined until test results were obtained. Only healthy mice were released
for experimentation. All animal experimerts were approved by the Institute Animal Care
and Use Committee prior to performance.

Recoiabinant Human G-CSF (rhG-CSF)
thG-CSF was provided by Amgen (Thousand Oaks, CA). This thG-CSF (Lot 4600}
was derived from E. coli and had a specific activity of 1 X 108 U/mg as assayed by the
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CFC-gm assay using normal human bone marrow cells. Endotoxin was undetectable based
on the Limulus amebocyte lysate assay. thG-CSF was administered s.c. at a dose of 2.5 pg/day.

Irradiation

The cobalt-60 source at the Armed Forces Radiobiology Research Institutc was used to
administer bilateral total-body gamma radiation. Mice were placed in ventilated plexiglass
containers and irradiated at a dose of 0.4 Gy/min. Dosimetry was determined by ioniza-
tion chambers. Hemopoietic recovery studies were performed after 6.5 Gy irradiations.
Survival and endogenous spleen colony studies were performed after 8.0 Gy irradiations.

Survival Assays

Irradiated mice were returned to the animal facility and cared for routinely. Survival
was checked and recorded daily for 30 days; on day 31, surviving mice were euthanized
by cervical dislocation. Each treatment group consisted of 10 mice. Experiments were repeat-
ed 2-3 times. The percentage of mice surviving 30 days post-exposure was used to analyze
survival data.

Granulocyte-Macrophage Colony-Forming Cell (CFC-gm) Assay

Hemopoietic progenitor cells committed to granulocyte and/or macrophage develop-
ment were assayed using an agar CFC-gm assay, Mouse endotoxin serum (3% v/v) was
added to fecder layers as a source of colony-stimulating activity. Colonies ( > 50 cells)
were counted after 10 days of incubation in a 37°C humidified environment containing 5%
CO,. Triplicate plates mere cultured for each cell suspension, and experiments were repeated
2-3 times. The cell suspensions used for each assay represented tissues from 3 normal,
irradiated, or treated irradiated mice at each time point. Cells were flushed from femurs
with 3 ml of McCoy's 5A medium (Flow Labs, McLean, VA) containing 10% heat-inactivated
fetal bovine serum (Hyclone Labs, Logan, UT). Spleens were pressed through a stainless-
steel mesh screen, and the cells were washed from the screen with 6 mi medium, The number
of nucleated cells in the suspensions was determined by a Coulter counter. Femurs and
spleens were removed from mice cuthanized by cervical dislocation.

Peripheral Blood Cell Counts

Blood was obtained from cervically dislocated mice via cardiac punctun: using a hep-
arinized syringe attached to a 20-gauge needle. White blood cell (WBC), red blood cell
(RBC) and platelet (PLT) cour ts were performed using a Coulter counter. In addition, blood
smears were prepared and stained with Diff-Quik to perform WBC differential counts.

Endogenous Spleen Colony-Forming Unit (CFU-s) Assay

The endogenous CFU-s assay was used to measure hemopoietic stem cell recovery
in irradiated mice. Mice were exposed to £.0 Gy of radiation to partially ablate endogenous
hemopoietic stem cells. Twelve days later, mice were euthanized by cervical dislocation
and spleens were removed. The spleens were fixed in Bouin’s solution, and grossly visible
spleen colonies arising from the clonal proliferation of surviving endogenous hemopoiet-
ic stem cells were counted. Each treatment group consisted of 5 mnice. Experiments were
repeated 2-3 times.

Statistics

Results of replicate experiments were pooled and are represented as the mean + SE
of pooled data. Student’s ¢ test was used to determine statistical differences in all but sur-
vival data; survival data v ere analyzed using the generalized Savage (Mantel-Cox) proce-
dure. Significance level was set at p < 0.05.
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Table 1. Effect of thG-CSF on peripheral blood, bone marrow and splenic cellularity in
non-irradiated C3H/HeN mice

Saline® rhG-CSF®
Day after initiation of rthG-CSF

1 4 7 9 10 14 17

WBC/ml 5.7 6.0 7.9° 9.4¢ 9.4° 6.7° 5.2 6.0
(X109) + + + + + + + +
0.2 0.8 0.3 0.5 0.3 0.3 0.2 0.5

PMN/mi 1.7 2.5 3.7° 4.2° 3.5° 2.6° 1.4 1.7
(X 109%) + + + + + + + +
.04 0.1 0.2 0.2 0.2 0.2 0.1 0.1

RBC/ml 6.5 6.2 6.1 6.9 6.3 6.8 6.4 6.4
(X109 * + + + + + + +

02 02 03 05 02 03 02 05

Cells/femur 4.9 3.5¢ 3.7 4.1 5.6° 6.6° 6.1¢ 4.5

(x10%) + + + + + + + t
0.2 0.2 0.2 0.6 0.2 0.3 0.3 0.2

Cells/spleen 1.1 0.7 1.6 LT 1.7 1.3 1.0 1.6°

(X10%) * + + + + + + t
.05 N8 .02 .05 .08 .06 .10 .09

 Average values obtained from non-irradiated mice treated with saline on days 0-9 and
assayed on days 1, 4,7, 9, 10, 14 and 17. No statistical differences were observed in data
obtained on individual days; therefore, all saline data were pooled.

®rhG-CSF (2.5 pg/mouse/day) was administered s.c. on days 0-9,

°p < 005, with respect to saline values

Results

Hemopoietic Activity of rhG-CSF in Normal C3H/HeN Mice

Because the G-CSF proposed for use in these studies was a recombinant
human preparation, preliminary studies were performed to be certain that this
rhG-CSF would function as a hemopoietic stimulant in our mice. In these studies,
non-irradiated C3H/HeN mice were administered rhG-CSF for 10 days, and at
various times after the initiation of rthG-CSF administration, peripheral blood,
femoral and splenic cellularity, and femoral and splenic CFC-gm content were
evaluated. Peripheral WBC values increased to approximately 165% of normal
values by day 7, maintained this level through day 9, then rapidly returned to normal
after cessation of rhG-CSF administration (Table I). The increased WBC count
observed after thG-CSF treatment was due primarily to an increase in polymorpho-
nuclear neutrophils (PMNs; Table I). In contrast to the effect of rhG-CSF adminis-
tration on WBC values, RBC values remained relatively constant, fluctuating
within approximately 5% of normal values throughout the experiment (Table I).
One day. after the initial thG-CSF administration, femoral cellularity decreased




Patchen/MacVittie/Solberg/Souza m

to 71% of normal values, then gradually increased to 135% by day 10 (1 day after
cessation of rhG-CSF administration) and returned to normal values by day 17
(Table I). Femoral CFC-gm content followed a similar pattern, decreasing to 52%
of normal values 1 day after initiation of rhG-CSF administration, rising to ap-
proximately 160% on days 9 and 10, then falling to 118% by day 17 (Fig. 1).
In the spleen, a decrease to 64% of normal cellularity was seen on day 1 after
initiation of rhG-CSF administration (Table I). This was followed by an increase
to approximately 155% of normal values on days 7 and 9, a return to normal on
day 14 and a second increase to 145% of normal values on day 17. Splenic CFC-gm
content increased significantly during rhG-CSF administration, reaching a peak
of 1335% of nornal values on day 7, then rapidly declining to 459% by 1 day after
cessation of thG-CSF treatment (i.e., day 10) and returning to within normal values
by day 17 (Fig. 2). These studies demonstrated that the thG-CSF dose and injec-
tion protocol proposed for irradiation studies was capable of inducing significant
hemopoietic stimulation in normal C3H/HeN mice.

Therapeutic rhG-CSF Administration Enhances Hemopoietic Recovery in

Irradiated C3H/HeN Mice

To evaluate the ability of therapeutically administered rhG-CSF to enhance
hemopoietic regeneration after radiation-induced myelosuppression, mice were
exposed to a non-lethal dose of 6.5 Gy of cobalt-60 and treated with rhG-CSF
on days 3-12 post-exposure. Initiation of rhG-CSF therapy was delayed 3 days post-
exposure to allow some post-irradiation repair and regeneration of pluripotent and
committed progenitor cells. On days 4, 7, 10, 12, 14, 17 and 20 post-irradiation,
bone marrow and splenic cellularity and CFC-gm content were evaluated in non-
irradiated, saline-treated mice (i.e., normal control mice) and in irradiated mice
treated with either saline or rhG-CSF. Peripheral blood values were also evalu-
ated in these animals on days 7, 12, 17 and 20 post-exposure.

Peripheral WBC values in both saline- and rhG-CSF-treated mice fell to ap-
proximately 20% of normal values by 7 days post-irradiation (Fig. 3A). WBC
values recovered to only 60% of normal by day 20 in saline-treated mice, while
WBC values reached 90% of normal values by day 20 in rhG-CSF-treated mice.
An increase in the percentage of neutrophils was also observed in rhG-CSF-treated
mice. Interestingly, accelerated recovery of both RBC and PLT values was also
observed in rhG-CSF-treated mice (Figs. 3B and 3C). By day 20 post-exposure,
RBC values in rhG-CSF-treated mice were 88% of normal values (compared to
55% in saline-treated mice) and PLT values were 66% of normal values (com-
pared to 22% in saline-treated mice),

Based on cellularity and CFC-gm conten:, femoral and splenic hemopoietic
regeneration were also enhanced significantly by rthG-CSF administration. Femoral
cellularity in both saline- and rhG-CSF-treated mice decreased to approximately
20% of normal values by 4 days post-exposure (Table II). Interestingly, recovery
of femoral cellularity in thG-CSF-treated mice occurred more slowly than in saline-
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"able I¥, Effect of thG-CSF on bone marrow and splenic cellularity in irradiated C3H/HeN
mice?

Day post-irradiation

4 7 10 i2 14 17 20
Cells/fermur®
(X10%)
Saline 1.2 2.1 2.7 2.6 23 1.8 2.1
+ T + + + +
0.1 0.2 0.2 0.1 0.2 0.1 0.1
rhG-CSF 0.8 1.4 2.1 2.8 2.6 3.2° 3.8°
+ * + + +
0.1 0.2 0.4 0.2 0.1 0.1 0.1
Cells/spleen’
(X10%)
Salipe .08 09 .16 22 .39 .89 1.60
+ + + % + + +
.006 003 .01 005 03 .06 04
thG-CSF 10 d1 27° .38° 47° 1.90° 1.70
+ + e + + * +
004 .004 03 04 .02 07 .05

*thG-CSF (2.5 ug/mouse/day) was administered s.c. on days 3-12 after 6.5 Gy radiation
exposure.

®Average number of cells per femur in non-irradiated saline-treated mice was 4.9 4 0.2
X 10%).

°p < 005, with respect to values obtained from irradiated and saline-treated mice

4 Average number of cells per spleen in non-irradiated saline-treated mice was 1.1 + 0.05
X 108

treated mice through day 10. However, enhanced cellular recovery was observed
in rthG-CSF-treated mice on days 17 and 20. Femoral cellularity in thG-CSF-treated
mice was 78% of normal values by day 20, compared to 43% in saline-treated mice.
Bone marrow CFC-gm recovery was also enhanced significantly in thG-CSF-
treated mice, increasing from 7% of normal values on day 12 post-exposure to
58% on day 20; CFC-gm recovery in saline-treated mice during this time increased
from 2% to only-17% of normal values (Fig. 4). Splenic cellularity in both groups
of mice decreased to approximately 10% of normal values until 10 days post-
exposure (Table II). Recovery occurred in both treatment groups on days 10-20;
it occurred more rapidly, however, in rhG-CSF-treated mice. By day 17 post-
exposure, splenic cellularity in rhG-CSF-treated mice was 173% of normal values,
compared to 81% in saline-treated mice. Recovery of splenic CFC-gm content
in thG-CSF-treated mice also increased dramatically compared to saline-treated
mice (Fig. 5). By day 14 post-exposure, CFC-gm content in rhG-CSF mice had
reactied 63% of notmal values, compared to 1% in saline-treated mice, In addi-
tion, CFC-gm contents in rhG-CSF mice were 937% and 505% of normal values
on days 17 and 20, compared to 57% and 212% in saline-treated mice.
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Fig. 4. CFC-gm per femur in C3H/HeN mice after 6.5 Gy. thG-CSF (2.5 pg/day) or
saline was administered s.c. on days 3-12. Shaded area represents femoral CFC-gm con-
tent obtained in son-irradiated mice injected with saline. * = p < 0.05, with respect to
irradiated saline-treated mice.

rhG-CSF therapy enhanced the recovery of not only WBC counts, but also
RBC and PLT counts in irradiated mice. This {inding suggested that thG-CSF
may stimulate hemopoiesis at a more primitive progenitor level than that of the
CFC-gm, Because of this, the endogenous spleen colony assay was used to deter-
mine the effects of thG-CSF therapy on multipotent hemopoietic stem cell recov-
ery in irradiated mice. In these studies, mice were exposed to 8 Gy of radiation
and injected with rhG-CSF on days 3-12, 1-12 or 0-12 post-irradiation. The first
thG-CSF treatment in the latter group was administered 1 h post-irradiation. The
day 112 and day 0-12 injection treatments were added to these experiments to evalu-
ate possible effects of rhG-CSF therapy on stem cell burnout. Mice treated with
rhG-CSF on days 3-12 exhibited significantly more endogenous spleen colonies
than did saline-treated mice (3.6 £ 0.4 vs. 1.3 + 0.4), indicating that therapeutic
rhG-CSF was capable of stimulating proliferation of multipotential hemopoietic
progenitors (Fig. 6). Interestingly, when rhG-CSF therapy was initiated 1 day or
1 h post-irradiation. even greater CFU-s responses were observed.
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Fig. 5. CFC-gm per spleen in C3H/HeN mice after 6.5 Gy. thG-CSF (2.5 pg/day) or
saline was administered s.c. on days 3-12. Shaded area represents splenic CFC-gm content
obtained in non-irradiated mice injectc.d with saline. * = p < 0.05, with respect to irradi-
ated saline-treated mice. Although difficult to detect, CFC-gm values in G-CSF-treated
mice at days 10 and 12 (38.0 + 9.0 and 49.0 + 5.0, respectively) were significantly greater
than CFC-gm values in saline-treated mice (0.4 + 0.2 and 1.0 % 0.2, respectively).

Therapeutic rhG-CSF Administration Enhances Survival of Irradiated C3H/

HeN Mice

To evaluate whether thG-CSF-induced hemopoietic recovery could result in
survival enhancement following severe radiation exposure, mice were exposed
to 8 Gy of radiation and adniinistecred rhG-CSF on days 3-12, 1-12 or 0-12 post-
irradiation. All thG-CSF treatments enhanced survival (Fig. 7). Respectively, these
treatments resulted in 57%, 70% and 95% survival, compared with 27% survival

in saline-treated mice.

Discussion
Both radiation and chemotherapy destroy hemopoietic stem and progenitor
cells, leading to a critical depletion of functional WBC within one to two weeks
after treatment. As a result, the host is compromised with respect to natural de-
fenses against exogenous infectious diseases, as well as endogenous gut-derived
bacteria and their associated toxins [23-25]. Hemopoietic regeneration requires
pluripotent stem cells capable of self-renewing, as well as differentiating into multi-
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Fig. 7. Survival in C3H/HeN mice after 80 Gy rhG-CSF (2 § yg/dav) or saline was
administered s.c. on days 3-12, 1-12 or 0-12 post-irradiation (20-30 mice per group).
* = p < 005, with respect to irradiated saline-treated mice.
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potent and committed progenitors capable of giving rise to mature cells with spe-
cialized functions. These processes are regulated by specific molecules produced
within specialized accessory cells constituting the hemopoietic microenvironment,
Hence, in addition to direct cffects on hemopoietic stem and progenitor cells, radia-
tion and chemotherapy may also impair hemopoietic regeneration through destruc-
tion and/or injury to accessory cell populations necessary for the production of
essential hemopoietic growth factors [26-29].

Until recently, with the exception of fiuid, antibiotic and platelet support,
no effective means to therapeutically treat myelosuppression and consequent sepsis
and hemorrhage have been available [30-32]. However, developments in the iso-
lation, purification and molecular cloning of hemopoietic growth factors have
opened new possibilities regarding therapeutic enhancement of stem and progenitor
cell recovery. rthG-CSF is one such recently cloned hemopoietic growth factor,
Although originally recognized for its ability to stimulate the in vitro prolifera-
tion of progenitor cells giving rise to neutrophils [33], this factor has been demon-
strated to also stimulate granulopoiesis in normal healthy animals in vivo. Our
present studies in normal C3H/HeN mice reconfirmed such in vivo data obtained
by others in normal C57BL/6 mice {7, 15], normal hamsters [10], normal canines
[34], and normal primates [12] in which rhG-CSF administration was shown to
increase peripheral WBC counts, as well as to increase CFC-gm progenitors. In
addition to in vitro and in vivo effects on granulocyte proliferation and differenti-
ation, rhG-CSF has also been demonstrated to prime and/or activate mature
granulocytes to function more efficiently [1, 17, 18].

Several studies have demonstrated the ability of rhG-CSF therapy to enhance
recovery from drug-induced myelosuppression. For example, hemopoietic regener-
ation of peripheral blood neutrophils in hamsters treated with 5-fluorouracil (5-FU)
was accelerated two days with rthG-CSF therapy [10]. Similar peripheral effects
as well as stimulatory effects on CFC-gm recovery have also been demonstrated
in mice treated with 5-FU [8] or cyclophosphamide [14]. More recently, the abil-
ity of rhG-CSF therapy to accelerate granulocyte recovery in cyclophosphamide-
treated primates [I2] and humans receiving a variety of chemotherapeutic ag=nts
[4, 20, 21, 35} has also been demonstrated.

In the studies described in this paper, we additionally demonstrate the ability
of thG-CSF to enhance recovery from severe radiation-induced myelosuppression.
Furthermore, survival in severely irradiated mice was increased by rhG-CSF treat-
ment, suggesting that the mature cells (presumably the neutrophils) resulting from
accelerated hemopoietic recovery were capable of enhancing host resistance to
otherwise lethal post-irradiation opportunistic infections. This appears to be con-
sistent with the fact that thG-CSF has been demonstrated to increase survival {15]
and to enhance resistance to microbial infection in cyclophosphamide-treated neu-
tropenic mice [14]. Our current studies in mice confirm and expand our previous
work in which enhanced peripheral blood neutrophil recovery, increased bone
marrow iiemopoiesis and increased survival were observed in irradiated canines
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receiving more extended courses of rhG-CSF therapy [36]. These studies also
confirm and expand previvus work by Kobayashi et al. who demonstrated acceler-
ated hemopoietic regeneiation in rhG-CSF-treated mice exposed to less severe
3-5 Gy doses of total-body radiation [22].

In this study, rhG-CSF therapy accelerated hemopoietic recovery by four to
five days based on femoral and splenic CFC-gm values. Because CFC-gm pro-
genitors are ultimately derived from multipotent hemopoietic progenitor cells,
we suspected that intensive rhG-CSF therapy may drain multipotent stem cell pools
by driving these cells toward differentiation at the expense of self-renewal. The
CFU-s data presented in these studies, however, suggests that this does not occur.
In fact, thG-CSF administration actually increased CFU-s numbers, with the
greatest increase being observed when rhG-CSF therapy was initiated 1 h post-
irradiation. The survival-enhancing effect of rthG-CSF therapy was also best when
initiated 1 h post-irradiation.

Contrary to the in vitro effects of thG-CSF, which appear to be specific for
granulocyte proliferation, differentiation and function, in vivo rthG-CSF therapy
stimulated regeneration of multiple hemopoietic cell lineages. Specifically, WBC,
RBC aud PLT recoveries were all accelerated in thG-CSF-treated mice. This dis-
crepancy betwecen in vitro and in vivo thG-CSF effects suggests that the multiline-
age in vivo effects of thG-CSF may be indirectly mediated. For example, GM-CSF
has been demonstrated to stimulate the release of interleukin 1 from mature granu-
locytes [27, 37], which in turn has been demonstrated to stimulate the release of
other pleotrophic hemopoietic cytokines, such as interleukin 6, GM-CSF, G-CSF
and M-CSF from endothelial cells and fibroblasts [38-41]. If rhG-CSF similarly
affects granulocytes, thG-CSF-mediated stimulation of multipotential progeni-
tor cell proliferation could be postulated via such a cascade.

In conclusion, these studies have demonstrated the ability of therapeutically
administered rhG-CSF to accelerate hemopoietic regeneration and to increase sur-
vival after radiation-induced myelosuppression. rhG-CSF therapy accelerated the
regeneration of multiple hemopoietic lineages and, contrary to stem cell burn out,
actually appeared to stimulate multipotent stem cell proliferation. rhG-CSF should
offer great promise for the treatment of radiation and/or drug-induced myelosup-
pression and its infectious consequences.
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Glucan, WR-2721, and sclenium, three agents with distinct radioprotective mechanisms, were evaluated in C3H/
HeN mice for survival-enhancing and hemopoietic-regenerating effects when administered alone or in combinations
before exposure to °Co radiation. At LD50/30 radiation doses (radiation doses lethal for 50% of mice within 30
days postexposure), dose reduction factors of 1.21, 1.02, 1.37, 1.51, and 1.66 were obtained following glucan (75
mg/kg i.v., =20 hr), selenium (0.8 mg/kg, i.p., =20 hr), WR-2721 (200 mg/kg, i.p., =30 min), glucan + WR-2721,
and glucan + selenium + WR-2721 treatments, respectively. All treatments increased numbers of hemopoietic
stem cells as measured by the day 12 endogencus spleen colony-forming unit (E-CFU) assay; the most significant
E-CFU effects, however, were observed following glucan + WR-2721 and glucan + selenium + WR-2721 treatments.
Combined -10dality treatments were also more efl.ctive than single-agent treatments at accelerating bone marrow
and splenic granulocyte-macrophage colony-forming cell (GM-CFC) regeneration. These results demonstrate the

valne of multiple-agent radioprotectants,

Radioprotection, Glucan, Selenium, WR-2721, Drug interactions, Hemopoiesis.

INTRODUCTION

Recent radiation accidents at Chernobyl (U.S.S.R.) and
at Goiama (Brazil) have again focused attention on the
potential value of agents that could mitigate the biological
effects of radiation exposure. Such agents, commonly
called radioprotectants, could be valuable not only for
individuals who may be exposcd to radiation during ac-
cident rescue and/or clean-up activities, but also for as-
tronauts who may be subjected to predictable radiation
exposures, and for individuals undergoing radiotherapy.

During the past several decades, studies of numerous
radioprotective agents have led to the realization that not
all radioprotectants mitigate damage through similar
mechamisms (3, 13, 20, 37). Because various radioprotec-
tive agents differ in mechanisms of action and in optimal
adiministration times with respect to radiation exposure,
the use of multiple agents may in some instances provide
significantty better pro.ection than single agents. In the
stuches described here, combinations of such agents were
admunistered to mice and evaluzted for effects on survival

enhancement and on hemopoietic recovery. By design,
individual agents were used at doses that induce minimal-
t0-no toxic or performance-degrading side effects.

These particular studies describe the combined use of
glucan, WR-2721, and selenium. Glucan is a 3,1-3 poly-
glucose immunomodulator isolated from the inner cell
wall of the yeast Saccharomyces cerevisiae (10). This agent
has been demonstrated to increase survival by enhancing
host resistance to life-threatening postirradiation oppor-
tunistic infections and by accelerating hemopoietic re-
generation (21, 22, 25, 28, 30). WR-2721 is a synthetic
sulfhydryl compound shown to radioprotect by free rad-
ical scavenging, hydrogen atom donation, and induction
of hypoxia (9, 35, 38). Selenmium, an essential trace ele-
ment, is a component of endogenous antioxidant systems
known to be involved in the reduction of radiation-in-
luced reactive oxygen species (8, 15, 37). Our results
demonstrate that glucan administered in combination
with WR-272, enhances survival better than either agent
administered alone, and that this effect can be further
enhanced by the additicn of selenium to this treatment
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combination. In comparison to single-agent treatments,
combination treatments also more effectively ac-elerate
postirradiation hemopoietic recovery.

METHODS AND MATERIALS

Mice

C3H/HeN female mice (~20 g) were used ¥ Mice were
maintained in an AAALAC (American Association for
Accreditation of Laboratory Animal Care) accredited fa-
cility in micro-isolator cages on hardwood-chip, contact
bedding and were provided commercial rodent chow and
acidified tap water (pH 2.5) ad libitim. Animal rooms
were equipped with full-spectrum light from 6 a.m. to 6
p.m. and were maintained at 70 = 2°F with 50 + 10%
relative humidity. and at least 10 air changes per hour of
100% conditioned fresh air. Upon arrival, all mice were
tested for Pseudomonas and quarantined until test results
were obtained. Only healthy mice were released for ex-
perimentation. Prior to performance, all animal experi-
ments were approved by the Institutional Animal Care
and Use Committee of the Armed Forces Radiobiology
Research Institute (AFRRI).

Glucan, WR-2721, and selenium

Endotoxin-free particulate glucan (10) was used® ar.d
intravenously (i.v.) administered (75 mg/kg) to mice ~ 20
hr before the start of irradiation. Selenium, as sodium
selenite,** was intraperitoneally (i.p.) administered to
mice ~ 20 hr before the start of irradiation at a dose of
0.8 mg selenium/kg. WR-2721 was obtained from Walter
Reed Army Institute of Research (Washington, DC) and
administered i.p. (200 mg/kg) ~ 30 min before the start
of irradiation. All drugs were diluted in pyrogen-free saline
and administered 1 a 0.5-ml volume. Control mice re-
ceived 0.5-ml injections of pyrogen-free saline. Because
no significant differences were observed among control
mice receiving i.p., i.v.. or both i.p. and i.\v. saline injec-
tions, data from all saline-treated mice were pooled.

Irradiation

The AFRRI %°Co source was used to administer bilat-
eral total-body gamma radiation. Mice were placed in
ventilated Plexiglas containers and irradiated-at a dose
rate of 0.4 Gy/min. Dosimetry was determined by ion-
ization chambers as previously described (31). Radiation
doses ranged from 6-16 Gy.

Survival assays

-Irradiated mice were returned-to the animal facility and
cared for routinely. Survival was checked and recorded
daily for 30 days; on day 31, surviving mice were cutha-
nized by cervical dislocation. Each treatment group within

May 1990. Volume 18, Number 5

each experiment consisted of ~10 mice. Experiments
were repeated to obtain-an “n” of at least 40 animals for
cach treatment group at each radiation dose. The per-
centage of mice surviving each radiation dose at 3G days
postexposure was used to construct probit-plot survival
curves (11, 12). Dose reduction factors (DRF’s) were cal-
culated by dividing the treatment LD50/30 radiation doses
by the saline LD50/30 radiation dose.

Endogenous spleen colony-forming unit assay

Pluripotent hemopoietic stem cell recovery was eval-
uated using the endogenous spleen colony-forming unit
(E-CFU) assay (32). Mice were exposed to 6~13 Gy of
total-body radiation to partially ablate endogenous he-
mopoietic stem cells. Twelve days after irradiation, mice
were euthanized by cervival dislocation, their spleens were
removed, fixed in Bouin's solution, and the number of
grossly visible spleen colonies counted. Each treatment
group within each experiment consisted of ~5 mice. Ex-
periments were repeated to obtain an “n™ of at least 20
animals for each treatment group at each radiation dose.
Student’s t-test was used to determine statistical differences
in E-CFU data.

Granulocyvte-macrophage colony-forming cell assay

Hemopoietic progenitor cells committed to granulocyte
and/or macrophage development werc assayed by a mod-
ification of the in vitro granulocyte-macrophage colony-
forming cell (GM-CFC) assay (27). Colonies (>50 cells)
were counted-after 10 days incubation in a 37°C humid-
ified environment containing 5% CO,. The cell suspen-
sions used for these assays represented tissues from 3-12
normal, irradiated, or treated and irradiated mice at each
time point. Cells were tlushed from femurs with 3 ml
McCoy’s SA medium' containing 5% heat-inactivated
fetal bovine serum. Splecns were pressed through stainless-
steel mesh screen, and the cells were washed from the
screen with € ml medium. The total number of nucleated
cells in each suspension was determined by hemocytom-
eter. Experiments were repeated three times:; data were
pooled and analyzed using Student’s t-test.

RESULTS

Survival-enhancing effects of glucan, WR-2721,
and selenium

Compared to saline-treated mice, survival was en-
hanced by treatment with glucan, WR-2721, or the com-
bination of these agents (Fig. 1). LD50/30 values of 7.82
(7.74. 7.89] Gy, 9.45 [8.22, 10.40] Gy, 10.73 [10.57, 10.89]
Gy, and 11.77 [11.23, 12.29] Gy were obtained in mice
treated with saline, glucan, WR-2721, and glucan + WR-
2721, respectively. These values resulted in DRF's of 1.21

% Charles River Laboratories, Raleigh, NC.
§ Accurate Chemical 2nd Scientific, Wesibury, NY.

hd ngma, St. Louis, MO.
tt Gibco, Grand Island, NY.
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Fig. 1. Effects of combined glucan, selenium, and WR-2721
treatments on survival of irradiated C3H/HeN mice.

forglucan, 1.37 for WR-2721, and 1.51 for glucan + WR-
2721 treatments. The slope of the survival curve of glucan-
treated mice was identical (i.e., parallel) to that of saline-
treated mice. The slopes of the survival curves of WR-
2721-treated mice and glucan + WR-2721-treated mice
were parallel to each other, however they differed signif-
icantly (p <0.001) from those of saline-treated or glucan-
treaied mice. The administration of selenium in combi-
nation with glucan and WR-2721 further enhanced sur-
vival, resulting in an LD50/30 value of 12.97 [12.67,
13.27] Gy and a DRF of 1.66. The slope of this survival
curve was parallel to those of WR-2721 and glucan + WR-
2721. Selenium alone, or the administration of selenium
in combination with glucan or WR-2721, did not enhance
survival above that induced by saline, glucan alone, or
WR-2721 alone. The LD50/30 values for selenium, se-
lenium + glucan, and selenium + WR-2721 were 7.95
[7.68, 8.18] Gy, 9.58 [9.42, 9.75] Gy, and 10.88 [10.67,
11.03] Gy (data not graphed), respectively.

Effects of glucan, WR-2721, and selenium on
hemopoietic regeneration

E-CFU studies. E-CFU numbers in saline-treated mice
ranged from 7.2 = 1.0 to 0.2 £ 0.1 following exposure to
6-8 Gy, respactively (Table 1). Glucan treatment signif-
icantly increased E-CFU numbers following all radiation
exposures. Confluent colony formation (i.e., too many
colonies to accurately count) was observed following 6
Gy, while 30.0 £ 2.5, 7.8 £ 1.0, and 3.6 = 0.7 colonics
were observed following 7, 8, and 9 Gy, respectively. WR-
2721 treatment also significantly increased E-CFU num-
bers at all radiation doses, ranging from confluent colony
formation at 6, 7, and 8 Gy to 10.4 + 1.8, 6.7 = 1.1, and
2.0+ 0.7 E-CFU’s, respectively, at 9, 10, and 11 Gy. Glu-
can + WR-2721 treatment increased E-CFU numbers
more than either agent alone. For example, after a 9-Gy
radiation exposure, 34.4 + 3.9 E-CFU’s were observed in
mice treated with glucan + WR-2721 compared to 3.6
+ 0.7 E-CFU’s in glucan-treated mice and 10.4 = 1.8 E-
CFU’s in WR-2721-treated mice. Administration of glu-
can + sclenium + WR-2721 even furthar increased E-
CFU numbers; after an 11-Gy exposurc, %.4 £ 0.9 E-
CFU’s were observed in mice treated with all varee agents
compared to only 3.7 £ 0.5 E-CFU’s in mice *.cated with
glucan + WR-2721 (p < 0.0001).

Cellularity and GM-CFC studies. Recovery of bone
marrow and splenic cellularity and GM-CFC’s in 9-Gy-
irradiated mice pretreated with glucan, WR-2721, sele-
nium, or combinations of these agents was used to further
evaluate the hemopoietic effects of these treatments (Ta-
bles 2, 3). Bone marrow cellularity in saline-treated mice
was reduced to ~3% of normal at day 4 postirradiation
and recovered to only ~14% of normal at day 13. Bone
marrow cellularities in mice treated with WR-2721, glucan
+ WR-2721, or glucan + selenium + WR-2721 were sig-
nificantly greater than that of saline control mice at all

Table 1. Effects of combined glucan, selenium, and WR-2721 on endogenous
spleen colony formation in irradiated C3H/HeN mice

Radiation Dose (Gy)

6 7 9 10 n 12 13
Saline 72:10 16205 02201 00 .. . . ..
Glucan confluent* 30.0:25°* 78210 3.6+0.7* 00 b b i
Selenium 8211 45:09° 09:03° 0:0 .o .. .o .o
WR-2721 confluent® confluent®*  confluent® 10.4 = 1.8* 67211 20:0.7 020 b
Glucan + WR-2721 confluent® confluent®  confluent® 34.423.9°% 2602397 37:05" 020 .
Glucan + Selenium + WR.2721 o e confluent®  confluent*® confluem® 8.4:0.9€@ 4,0:08® 1.3:05

Glucan (75 mg/kg 1.v.) and se.cnium (0.8 mg/kg i.p.) were administered 20 hours prior to irradiation, WR-2721 (200 mg/kg i.p.)
was administered 30 minutes prior to irradiation. Data represent mean + standard error of spleen colony counts from at least 20

spleens.
* p < 0.05, with respect to saline values.
tp < 0.05, with respect to WR-2721 values.
% p < 0.05, with respect to Glucan + WR-2721 values.
** Not done.
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Table 2. Effect of glucan, selenium, and WR-2721 on bone marrow and
splenic cellularity in 9-Gy-irradiated C3H/HeN mice (X1C%)

Day Postirradiation
Bone Marrow 9 13
Normal 4.8 20,53
Saline 0,13 +0.02 0.54 £ 0.08 0.6820.17
Glucan 0,36 £ 0.05° 0.72:0,09 0.94 = 0.09
WR-2721 1.07 £0.11* 2.142032° 3.72+ 0.3
Glucan + WR-2721 1.37 £ 0.18* 3.4220.34* 3.84 & 0.49*
Selenium 0.29 £ 0.02° 0.6120.07 0.74 2014
Glucan + Selenium + WR-2721 141£0.12* 3.99 =056 5.07 £G.73*
Spleen
Normal 90.4 £ 10.8
Saline 10.40 £ 0.83 8.30 20,91 65817311
Glucan 11,882 0.79 12.122096* 12,721 £1,10°
WR-2721 13.37+0.81* 1629+ 233" . 26.42 £ 1.90°
Glucan + WR-2721 15,03+ 0.83* 33.10£2.89*% 538523.62'F
Seleniom 11.30 2 0.94 8.80x 1.1 7.23:0.79
Glucan + Selenium + WR.2721 17.77 £ 1.22* 38,16+ 2.60° 79.00:8.18°@

Glucan (75 mg/kg i.v.) and selenjium (0.8 mg/kg i.p.) were administered 20 hours prior te irradiatton: WR-2721 (200 mg/kg 1.p.)
was administered 30 minutes prior to irradiation. Data represent mean £ standard error of three experiments.

* p < 0.05, with respect to saline values.
tp < 0.05, with respect to WR-2721 values.
@ p < 0.05, with respect to Glucan + WR-2721 values.

time points evaluated; cellularities in these mice ranged
from ~22-28% of normal at day 4 postexposure to ~77-
105% of normal at day 13. Mice treated with only glucan
or only selenium exhibited increased bone marrow cel-
lularities at day 4 postexposure, but not at day 9 or 13.
Splenic cellularity in saline-treated mice was reduced to
~12% of normal at day 4 postexposure and decreased to
~6% of normal at day 13. In contrast, splenic cellularities

in all mice except those receiving selenium only, increased
postirradiation; at day 13, cellularities in mice receiving
glucan, WR-2721, glucan 4+ WR-2721, and glucan + se-
lenium + WR-2721, respectively, were ~ 14%, ~29%,
~60%, and ~87% of normal. In addition, splenic cel-
lularity in mice treated with glucan + WR-2721 was sig-
nificantly (p < 0.005) greater than that in WR-2721-
treated mice, and splenic cellularity in mice treated with

Table 3. Effect of glucan, selenium, and-WR-2721 on bone marrow and
splenic GM-CFC recovery in 9-Gy-irradiated C3H/HeN mice

Day Postirradiation
Bone Marrow 9 13
Normal 5096 =612
Saline 304 2%1 321
Glucan 160 £ 21* 1721° 665
WR-2721 289+ 33 584 208 £ 13
Glucan + WR-2721 626 £59°Y 308 417 46532517
Selenium 97+ 8* 173 26+ 3°
Glucan + Selenium + WR-2721 776 £ 9¢* 698 £47°@ 1014£87*@
Spleen
Normal 2531 £ 228
Saline 0x0 00 0+0
Glucan 00 1222 1409
WR-2721 5x1° 493" 528 £ 56°
Glucan + WR-2721 8x1* 166 £21*% 1345 =169°"
Selenium 00 9+1° 644
Glucan + Selenium + WR-2721 12 1@ 294 £23°@ 3555 £ 569°@

Glucan (75 mg/kz i.v.) and selenium (0.8 mg/kg i.p.) were administered 20 hours prior to irradiation, WR-2721 (200 mg/kg 1.p.)
was administered 30 minutes prior to irradiation. Data represent mean : standard crror of three experiments.

* p < 0.05, with respect to saline values,
t p < 0.05, with respect to WR-2721 values.
% p < 0.05, with respect to Glucan + WR-2721 values,
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glucan + selenium + WR-2721 was significantly (p
< 0.05) greater than that in glucan 4+ WR-2721-treated
ntice,

Femoral GM-CFC content in saline-treated mice was
severely reduced following irradiation, at day 13 postex-
posure, the number of GM-CFC’s per femur in these mice
was ~0.06% of normal, Glucan, WR-2721, glucan + WR-
2721, selenium, and glucan + selenium + WR-2721
treatmenss all sigmficantly increased femoral GM-CFC
numbers. At day 13 postexposure, the numbers of GM-
CFC per femur in mice receiving these treatments were
~1%, ~4%, ~9%, ~0.5%. and ~20% of normal, re-
spectively. In addition, glucan + WR-2721-treated mice
exhibited significantly (p < 0.01) more GM-CFC's than
WR-2721-treated mice, and glucan + selenium + WR-
2721-treated mice exhibited significantly (p < 0.005) more
GM-CFC's than glucan + WR-2721-treated mice. Al-
though no splenic GM-CFC's could be detected at any
time postirradiation in saline-treated mice (i.e., 0% of
normal), all drug-treated groups did exhibit splenic GM-
CFC recovery. At day 13, splenic GM-CFC numbers in
mice treated with glucan, WR-2721, glucan + WR-2721,
selenium, and glucan + selenium + WR-2721 were ~6%,
~21%, ~53%, ~3%, and ~ 140% of normal, respectively.
As in the bone marrow, glucan + WR-2721 produced
greater cffects than WR-2721 treatment, and glucan 4 se-
lenium + WR-2721 treatment produced greater effects
than glucan + WR-2721 treatment.

DISCUSSION

The exposure of mammals to a single whole-body dose
of ionizing radiation results in a complex set of symptoms
whose onset, nature, and severity are a function of both
total radiation dose and radiation quality (6). In general,
radiation injury can be classified into three syndromes
affecting the hemopoietic, the gastrointestinal, and the
central nervous systems at progressively increasing radia-
tion doses. The hemopoietic syndrome becomes evident
at the lowest radiation doses (<10 Gy) and is manifested
by hemopoietic stem cell depletion (5, 6) and ultimately
by depletion of mature blood cells (2, 29), which, whether
destroyed directly by irradiation or lost naturally through
attrition, cannot be regenerated without hemopoietic stem
cells. In turn. he loss of mature blood cells severely im-
pairs antimicr -, Jf immunity, and ultimately death en-
sues due to invasive opportunistic infections (3, 14).

A variety of agents can be radioprotective in the dose
range of the hemopeietic syndrome. For example, if used
at optimal doses, all three agents used in these studies
(i.e., glucan, selenium, and WR-2721) can individually
enhance survival to varying degrees following radiation
doses that induce the hemopoietic syndrome (22, 26, 36,
38). In thes= particular studies, we have also demonstrated
good radioprotective effects of suboptimal doses of these
agents when used in combination. Radioprotection fol-

lowing administration of combinations of agents has pre-
viously been reported (1, 19). Maisin ef al. evaluated pri-
marily combinations of sulfhydryl agents, while Ainsworth
¢t al. evaluated AET used in combination with endotoxin.
Our studies differ in that we have evaluated the combined
effects of three agents “hat radioprotect by distinct mech-
anisms. WR-2721 enhances survival by protecting cells
from radiation-induced lethality through free-radical
scavenging, hydrogen atom donation, induction of hyp-
oxia, or combinations of these mechanisms (9, 335, 38).
Hemopoietic stem and progenitor cells are among the
cells best protected by WR-2721; however, WR-2721 also-
protects a variety of other cell types (9). Because WR-
2721 is most effective when administered shortly before
radiation exposure, either WR-2721 itself, or immediate
metabolites, appear to mediate its radioprotective effects.
Unlike WR-2721 which affects multiple cell types, glucan
appears to act specifically on cells of hemopoietic origin
(Dr. M. L. Patchen, unpublished data, September, 1988).
If administered intravenously 15 min before radiaticn ex-
posure some glucan-containing substances may also ra-
dioprotect by free radical scavenging or induction of hyp-
oxia (18). However, evidence suggests that the glucan dose
and injection schedule used in the studies presented here
radioprotects by enhancing the proliferative capacity of
surviving hemopoietic stem and progenitor cells (21, 22,
24, 25, 28). This eftect, at least in part, appears to be
mediated through the sustained induction of cytokines
important in the stimulation and/or regulation of he-
mopoietic proliferation and function (23, 27). In contrast
to either WR-2721 or glucan, induction of endogenous
oxidative substances, such as glutathione peroxidase, is
the probable mechanism through which selenium me-
diates its radioprotective effect (37).

The studies presented in this paper demonstrate that,
compared to single glucan, selenium, or WR-2721 treat-
ments, combinations of glucan + WR-2721 and glucan
+ selenium + WR-2721 produce additive-to synergistic
survival-enhancing effects, The manner in which single
versus combination treatments altered the stopes of their
respective survival curves is interesting. For example, as
has been shown previously (36), WR-2721 treatment pro-
tracts the survival curve, indicating that this agent en-
hances survival more effectively at high than at low ra-
diation doses. In contrast, neither glucan (this paper) nor
selenium (36) alone alter survival curve stopes, indicating
equal protection with these-agents at both low and high
radiation doses. When used in combination with WR-
2721, however, both glucan and selenium produce sur-
vival curves parallel to that of WR-2721, further increasing
WR-2721’s ability to selectively enhance survival better
at high radiation doses.

Hemopoietic regeneration is also significantly accel-
erated in mice treated with glucan + WR-2721 and glucan
I selenium + WR-2721 when compared to mice receiving
single-agent treatments, Furthermore, the hemopoietic ef-
fects of these combinations as well as those of the single
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agents paralleled their survival-enhancing effects, sup-
porting the concept that accelerated hemopoietic regen-
eration reduces susceptibility to potentially lethal postir-
radiation infections, and consequently, enhances survival.
Accelerated hemopoietic recovery has previously Leen
demonstrated in mice receiving either WR-2721 or glucan
before radiation (16, 21, 28, 33, 34). In the case of WR-
2721, such recovery has been attributed to survival of a
greater number of stem cells from which hemopoietic re-
generation is initiated. In the case of glucan, such recovery
has been attributed to enhanced proliferadon of surviving
stem cells. The [urther accelerated hemopoietic recovery
observed here in mice treated with glucan + WR-2721
could be explained if WR-2721 preserved larger numbers
of stem cells on which glucan could then exert its Lrolif-
erative effects. Whether selenium further contributed to
accelerated hemopoietic regeneration by reducing stem
cell lethality (as suggested for WR-2721), enhancing stem
cell proliferation (as suggested for glucan), or by yet un-
determined mechanisms is not clear. We have previously
demonstrated that pretreatment of mice with selenium
(1.6 mg/kg) increased the radioprotective effect and de-
creased the lethal toxicity of WR-2721 (36). In the present
study, a lower dose of selenium was used, which by itself
did not have a radioprotective effect. Although there are
a number of possible mechanisms by which selenium
could act in conjunction with WR-2721 (37), the most
probable mechanism, considering the dose and time of
selenium administration, is induction of glutathione per-
oxidase. This selenium-containing enzyme may reduce
stem cell lethality by reducing the level of deleterious hy-
droperoxides formed during radiation exposure, or per-
haps even as byproducts in the metabolism of WR-2721.

The most effective radioprotective combination eval-

May 1990, Volume 18, Number 5

uated in these studies was glucan -+ selenium + WR-2721,
which produced a DRF of 1.66. If used at sufliciently high
doses, WR-2721 alone could produce greater DRF’s.
However, one of the goals of these studies was to evaluate
whether relatively high DRF’s-could be obtained using
doses of individual agents that lacked toxic or behavioral
effects. High doses of WR-2721 are known to induce both
toxicity and detrimental cffects on performance (4, 7, 17).
In fact, essentially all radioprotectants tested to date result
in performance decrements at the best radioprotective
dosages (Dr. Michael Landauer, cral! communication,
August, 1988). Although the side effects (e.g., nausea,
vomiting, performance decrements) may not constitute
major problems in clinical environments where patients
are closely monitored and are not physically active, such
effects would be particularly undesirable in radiation res-
cue and/or clean-up environments where performance
and stamina could be critical to the success of the oper-
ation. Based on these considerations, doses of WR-2721
and selenium that induce only minimal toxicity (17, 36)
were used in these studies. These agents administered in
combination with glucan were not toxic; however, the
behavioral effects of these combinations remain to be de-
termined.

In conclusion, these studies suggest that a “‘cocktail”
approach to radioprotection allows the exploitation of
multiple protective mechanisms. In addition, such an ap-
proach allows doses of single agents to be reduced to non-
toxic levels while maintaining respectable DRF’s, The
value of including a hemopoietic stimulant in such cock-
tails has also been illustrated. Future studies will determine
whether agents operating through yet additional radio-
protective mechanisms may further enhance the effec-
tiveness of these cocktails.
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A new method of exposing tissues to X rays in a lead Faraday
cage has made it pussible to examine divectly radiation damage
to isolated neuronal tissue. Thin slices of hippocampus from
brains of euthanized guinea pigs were exposed to 17.4 keV X
radiation. Electrophysiological recordings were made before,
during, and after exposure to doses between 5 and 65 Gy at a
dose rate of 1.54 Gy/min. Following exposure to doses of 40
Gy and greater, the synaptic potential was enhanced, reaching
a steady level soon after exposure. The ability of the synaptic
potential to generate a spike was reduced and damage pro-
gressed after termination of the radiation exposure. Recovery
was not observed following termination of exposure. These re-
sults demonstrate that an isolated neuronal network can show
complex changes in clectrophysiological properties following
muderate duses of jvnizing radiation. An investigation of radia-
tion damage directly to neurons in vitro will contribute to the
understanding of the underlying mechanisms of radiation-in-
duced nervous system dysfunction. « 1990 Academic Press, Inc.

INTRODUCTION

Although the nervous system is usually considered to be
radioresistant, behavioral studies have shown decrements
in performance and acute disorientation at doses of 5-10
Gy (1, 2). lonizing radiation has been shown to modify neu-
ronal activity both i vive (3-6) and in vitro (7-9). Changes
in blood pressure and blood flow, altered blood-brain bar-
rier, and release of blood-borne mediators are likely to con-
tribute to the observed damage in vivo (10-16). In an iso-
lated preparation of neural tissue supplied with oxygen, glu-
cose, and balanced salt solution, damage from ionizing
radiation 1s likely to result from direct effects on the neurons
and their microenvironment. By understanding the cellular

" Present address. AT&T Bell Laboratorics, Department of Radiation
Protection, Murray Hull, New Jersey 07974-2070
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changes produced by radiation, we can begin to address the
mechanisms of the observed performance decrement.

A previous study on slices of hippocampus isolated from
guinea pig brain (7) revealed that ®Co radiation decreased
the evoked synaptic response and decreased the ability of
the synaptic potential to generate a spike. The decrease in
the ability to generate a spike potential was not dependent
on dose rate; a dose of 75 Gy was necessary to produce the
effect at both 5 Gy/min and 20 Gy/min. On the other hand,
synaptic damage was dose-rate sensitive. Fifty grays at
20 Gy/min produced damage equivalent to 100 Gy at 5 Gy/
min.

The remote location of the cobalt source limited the time
resolution and sensitivity of this earlier study. A more sensi-
tive system was established by positioning an X-ray tube
directly within a lead-lined Faraday cage (/7). This allowed
observation of electrophysiological parameters in a single
slice of brain tissue, immediately before, during, and after
exposure to ionizing radiation. This paper reports the effects
of radiation from this X-ray system in hippocampal tissue.

METHODS

Slices (400-450 um thick) of hippocampus were prepared from the
brains of cuthanized male guinea pigs as described previously (7, 18-20).
A single slice was positioned in the recording chamber (0.5 ml volume) and
constantly perfused (approximately 1 ml/min) with an artificial cerebrospi-
nal fluid (aCSF) containing 124 m3f NaCl, 3 mAf KCJ, 2.4 mM CaCl,,
1.24 mM KH,PO,, 1.24 mAf MgSO,, 10 mAf glucose, and 26 md/f
NaHCO;, cquilibrated with 95% O2/5% CO, at 30 = 1°C. Temperature
was continually momtored and did not change with radiation exposure.

The charactensties of the X ray system are described in detail clsewhere
(I7). Bricfly, the X-ray source was a Kevex 50 kVp/1-mA unit with a mo-
Iybdenum (Mo) target, beryllivm window, and Mo filker (25 #m). This con-
figuration provided a quasi-monoenergetic spectrum consisting primarily
of 17.4-keV photons. Dose rate (1.54 Gy/min) was measured with a Capin-
tew paraliel-plate 1omzation chamber positioned at the Jocation of the tis-
sue Dunng cxpenmental exposures; the chamber was removed and tissue
was exposed for calculated time perings.

The hippocampal slice maintains a large degree of organization that can
be observed casily through a dissecting microscope. Using visual'cues and
a knowledge of this organizztion, eiectrodes for sumuation 2nd recording
were positioned in defined locations {Fig. 1). A stainless stee) concentric
bipolar stimulating clectrode was positioned in the stratum radiatum
which contains afferents to the cells of interest (pyramidal cells) in the CA L
region of the luppocampus. About a millumeter away, a glass microcelec-
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FIG. 1. Schematic diagram of the hippocampal shce preparation
showing placement of electrodes. The simulating clectrode 15 1n stratum
radiatum of CA 1. Onc recording clectrode 1s in stratum radiatum of CAl
(pop PSP) and another 15 1n stratum pyramedale of CA | (population spike).
Traces obtained from cach of these recording sites are shown: On the left
are recordings from the stratum pyramidate showing the summation of the
responses of the CAL neurons (population spike). Its amphitude 1s calcu-
lated from the values - . the potentials at Ia, 1b, and ic: 1/2(a-+¢)=b,On
the right are recordings from the stratum radiatum showing the activation
of the afferent fibers (afferent volley) at 2 and the summated response of a
population of dendrites of the hippocampal neurons (pop PSP). The pop
PSP is quantitated from the slope of the potential at 3. Recordings before
and after exposure to 40 Gy X radiation (1,54 Gy/min) are supenmposed.
The thin linc shows control traces and the thick line shows traces following
exposure. (A) Using identical stimulus mtenstties to the afferent pathway
produces the same size afferent volley but a larger pop PSP after radiation,
The population spike 1s also larger. (B) If the stimulus intensity to the
affcrent pathway is reduced to produce a pop PSP of the same size as con-
trol, the afferent volley is smaller and the population spike following radia-
tion is also smaller. Calibration pulse: 2 ms, 1 mV population spike,
0.5 mV pop PSP,

trode filled with 2 3f NaCl also was placed n the stratum radiatum to
record the afferent volley (the summation of the-potentials from the stimu-
lated afferert fibers) and to record the population postsynaptic potential
(pop.PSP; the summation of the synaptic responses of the population of
neuronal processes in the region of the microelectrode). A typical recording
from this microclectrode can be seen in Fig. 1 (traces on right). The afferent
volley is the potential at the arrow labeled 2. The rest of the trace reflects
the pop PSP. The poy: PSP was yuantificd by measuring the maximal slope
at the onset of the response (near arrow 3). A sccond NaCl-filled microcelec-
trode was positioned in the stratum pyramidale of the CA1 region of the
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slice. Through this clectrode, we recorded the population spike (the sum-
mation of synaptically evoked spike potentials of nearby neurons). Figure
1 also illustrates a typical population spike (traces on left). The amplitude
was measured as the difference between the average of the potentials at
points la and Ic less the potential at point 1b, The electrical potentials
recorded from the hippocampal tissue were amplified by a high-gain extra-
cellular amplifier and monitored on an oscilloscope. The data were digi-
tized, stored, and analyzed with a PDP 1173 computer.

Input-output (I/O) curves for the slice were obtained and analyzed as
previously described (7, 20). Bricfly, two series of 13 clectrically isolated
constant-current pulses (0.0 to 1.5 mA, 300 us, 0.2 Hz) were provided to
the stimulating clectrode. The responses at the two microclectrodes were
recorded. Two curves were plotted from the data, Afierent volley vs pop
PSP provided an indication of synaptic efficacy, the ability of the affcrent
pathway to evoke a synaptic response. Population post-synaptic potential
vs population spike amplitude provided an indication of the ability of the
synaplic response to generate a population spike (spike generation).

Following placement of clectrodes, the X-ray tube (Kevex) was posi-
tioned in its holder at a constant distance from the preparation (17) to
provide a dose rate of 1.54 Gy/min of 17.4 keV X rays. The lead-lined
Faraday cage was closed and the interlock system activated. Tissue was
stimulated at 0.2 Hz with a stimulus intensity that produced a population
spike of approximately half~maximal amplitude, Every 5 min five traces
were averaged and the data stored. At 5 min before radiation exposure and
5 min and 30 min after termination of exposure, input~output curves were
obtained. At doses of 40 Gy and less, another 1/O curve wis obtained ap-
proximately 60 min following the end of the exposure. Sham slices were
examined intermittently throughout the series of experiments. In the sham
slices, 1O carves were obtained and evaluated at time points similar to
those used with irradiated tissue. Changes in irradiated tissue were refer-
enced to these control curves. Sham slices chznged very little with time,
but some trends were evident: maximal population spike amplitude tended
to increase while the pop PSP slope decreased slightly. Experiments were
limited to a 2-h duration; beyond 2 h, some sham slices begar to show
decline, most commonly reflected asa severe decrease in the pop PSP size.

Statistical treatment of the 17O curves has been described previously (7,
20) For cach experiment, the maximal amplitude during the control pe-
riod was normalized for the population spike amplitude to S mV, pop PSP
slope to 0.5 mV/ms, and afferent volley to 2 mV. Average maximal ampli-
tudes of the raw data during control period were 4.7 £ 0.1 mV for the
population spike, 0 73 + 0.03 mV/ms for pop PSP, and 1.4 £ 0.1 mV for
volley (n = 60 slices) For cach stimulus intensity the data from 5 to 10
slices were averaged for each experimental condition (i.c., radiation dose)
to provide a mean /O curve Two curves (experimental and control) were
compared by evaluating the residual sum of squares for the sigmoid func-
tions computer-fitted to the data points of the individual curves and-the
residual sum of squares for the function fitted to the data of both curves
combined Significance was accepted at P < 0.05. Differences between
curves were quantified by comparing the ratios of the parameters of the
computer-fitted functions.

RESULTS

Exposure of hippocampal slices to X radiation altered
their electrophysiological properties. Figure | illustrates the
changes in a slice exposed to 40 Gy. When the stimulus in-
tensity was held constant, the afferent volley (arrow at 2)
was unchanged by radiation exposure. Both the population
spike and the pop PSP were increased in size. The increase
in the population spike could result from the increased pop
PSP and not be a direct effect of radiation. To test this, fol-
lowing irradiation the stimulus strength was decreased to
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FIG. 2. Input-output curves averaged for six stices exposed to 50 Gy
X radiation, Curves were obtained 5 min before exposure (squares; dashed
line) and 5 (crrcles; sohd hine) and 30 min (triangles; dotted line) following
termination of exposure. (A) Plot of afferent volley amplitude vs size of the
pop PSP reflects the ability of the afferent pathway to generate a synaptic
potential (synaptic efticacy). Atall volley amplitudes, the pop PSP is larger
following exposure to X radiation. (B) Plot of pop PSP vs population spike
reflects the ability of the synaptic potential to generate a spike (spike gener-
ation). Followtng exposure to X radiation, a larger pop PSP 1s required
to produce the same size population spihe. Damage to spike gencrating
mechamsms 1s more severe 25 mun following exposure than 5 min follow-
ing exposure.

produce a smaller afferent volley but the same size pop PSP
(Fig. 1B). Under this condition, the population spike was
smaller than prior to irradiation. This suggests that radia-
tion has two effects. to increase the pop PSP and to decrease
the ability of the pop PSP to generate a population spike.
The two cffects can clearly be seen on the /O curves for
doses of 40 Gy and greater. The §/0 cunves for 50 Gy radia-
tion are illustrated (Fig. 2). Plotting afferent volley ampli-
tude vs the pop PSP size, the increase in the synaptic poten-
tial both 5 min and 30 min following exposure was evident
(Fig. 2A). This reflects an increase in synaptic efficacy. Fol-
lowing exposure to 50 Gy the plot of pop PSP size vs the
amplitude of the population spike was shifted to the right.
This shift progressed with time (Fig. 2B). The pop PSP was
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less effective in producing a population spike. The 1/O
curves for 40 Gy (n = 6), 50 Gy (n = 6), and 65 Gy (1 = 6)
all showed similar changes.

One of the advantages of the X-radiation system used is
that measurements of electrophysiological potentials can be
made during the exposure. Throughout the exposure,
afferents were stimulated at constant intensity. The pop
PSP slowly began to increase. The increase progressed with
time and continued following termination of exposure al-
though at a slower rate. Following exposure, pop PSP size
began to level off but recovery was not observed. Changes in
the size of the pop PSP frequently became apparent within
about 15 min, corresponding to a cumulative exposure of
23 Gy.

The time course of damage was also ¢valuated by obtain-
ing I/O curves at two to three time points following termi-
nation of exposure to 5, 10, 20, 30, 40, 50, or 65 Gy. The
curves for irradiated slices were compared to those for
sham-irradiated slices obtained at similar time points in or-
der to control for time-dependent changes not resulting
from radiation exposure. Plotting the change in the 1/0
curves relative to the controls, one can see that the radiation
damage progresses with time following exposure. In Fig, 3,
data for 20, 30, 40, and 50 Gy are shown. No significant
effects were observed with either 20 or 30 Gy. With 30 Gy,
however, the trend is apparent. Forty and 50 Gy produced
both a significant increase in synaptic efficacy and a signifi-
cant decrease in the ability to generate the population spike.
We observed no recovery during the time of the experi-
ment.

Dose-response curves (Fig. 4) were constructed for the
changes in synaptic efficacy and in spike generation from
the I/O curves. The curves are plotted for the time point
approximately 65-70 min following initiation of irradia-
tion (circles). Also plotted (triangles) are the time points ap-
proximately 35-40 min following initiation of irradiation.
Significant effects were seen at doses of 40 Gy and greater.
The trend was apparent at 30 Gy. The effect at 35 min was
always smaller than the effect at 65 min.

DISCUSSION

X radiation has been shown to increase synaptic efficacy
and to decrease the ability to generate spikes at doses be-
tween 40 and 65 Gy. Synaptic efficacy progressively in-
creascs during eaposure, with the first noticeable change oc-
curring at a cumulative dose of approximately 25 Gy.
Changes in both synaptic efficacy and spike-generating abil-
ity continue at a slower rate following exposure. The effects
of radiation exposure persist following exposure until the
termination of the experiment. Neuronal activity is altered
through mechanisms that change the functional character-
istics of individual cells without killing those cells.




212

A. Synaptic Efficacy

160 L] LI ) L Ll T T T
a0 20 Gy
om0 30 Gy
9-e-+=940 G:

140 | ovm=0 50 Gy W

120 e

100 i

80
120

110

% Control Response

100

90

80

70

1 ] 1 ]

| SR N

20 30 40 50 60 70

60 1 1
o 10

Time {min}

FIG. 3. ‘Time course of radiation damage following exposure to 20,
30, 40, and 50 Gy X radiation. Input-output curves were obtained at the
time points plotted. At cach dose, the carlicst time point was 5 min follow-
ing termination of exposure. I/O curves were compared to sham-irradiated
curves at similar time points. Irradiation was intiated at Time = 0 and
terminated at Time-= 13 min for 20 Gy, 19.5 min for 30 Gy, 26 min for
40 Gy, and 33 min for 50 Gy. (A) Changes in the curve relating afferent
volley to pop PSP size reflect synaptic efficacy. There is no significant
change with cither 20 or 30 Gy but 40 and 50 Gy produce significant in-
creases. (B) Changes in the curve relating pop-PSP size to the population
spike amplitude reflect changes i ability to generate spikes. Again, 20 and
30 Gy did not produce statistically significant changes but 40 and 50 Gy
significantly depressed spike generation.

Neurons require generation of a spike to transmit their
signal to the next cell in a pathway. If the synaptic potentials
produced by stimulation of an afferent pathway are in-
creased while the ability .o generate a spike is decreased,
the net output of the population of neurons may appear
unaltered. Under nunial citcumstances, however, synaptic
input to a cell is not a result of activation of an entire path-
way. Rather, the summation of synaptic potentials from a
number of discrete inputs is a complicated integrating pro-
cess. This information processing could be severely com-
promised by seemingly minor changes. As a consequence,
despite the ‘balanced’ changes in synaptic efficacy and spike
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generation, X radiation is likely to modify the functional
properties of the hippocampus.

Both X radiation and « radiation (7) produce deficits in
spike generation. In the present study X radiation produced
these changes at lower doses than v radiation did (40 Gy
rather than 75 Gy). One very important difference between
the two studies is the difference in dose rate. Altering the
dose rate from 5 to 20 Gy/min in the previous study did not
alter the duse-response characteristics of the tissue for spike
generation. A mechanism of lipid peroxidation was sug-
gested as consistent with this observation. Lipid peroxida-
tion is inversely dependent on dose rate at the lower dose
rates but becomes relatively insensitive to dose rate at
higher levels. This mechanism may also explain the greater
sensitivity of the tissue in the present study using a dose
rate of 1.54 Gy/min. Alternatively, the quality of radiation
could be different enough to explain the effects. Experi-
ments to distinguish these possibilities require a 17.4-keV
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FIG. 4. Dosc-response curves for clectrophysiological damage to hp-
pocampal tissue following exposure to X radiation. Data fivnytime points
65 to 70 min following initiation of radiation exposure were plotted (cir-
cles). Triangles represent response at a time point 35-40 min following
initiation of irradiation. (A) Dose-responsc cunve constructed from the
changes in the /O curves relating afferent volley to pop PSP stze, reflecting
synaptic efiicacy (B) Dose-response curve constructed from the changes
in the 1/0 curves relating pop PSP size to population spike amplitude,
-reflecting spike generation. Control, n = 115 5 Gy, n = 7; 10 Gy, n = 8; 20
Gy.n = 10; 30 Gy, n = 6,40 Gy, 1 = 6; 50 Gy, n = 6;65 Gy, n = 6. -
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X-ray machine capable of providing higher dose rates to the
slice preparation. Development of this system is in progress.

The present study demonstrates that X radiation can in-

ease synaptic efficacy. This is in contrast to the y-radia-
tion studies where synaptic efficacy was reduced (7). Again,
as with spik - generation, the differences in dose rate and in
radiation quality between these two experiments needs to
be considered and evaluated in future experiments, A dose-
rate effect seems to be a plausible explanation. At 5 Gy/min
a greater dose of v radiation is required to reduce synaptic
efficacy than at a rate of 20 Gy/min (7). In addition, a low
dose (625 cGy) of 4 radiation at 5 Gy/min actually in-
creased synaptic efficacy slightly, although statistically in-
significantly. One might predict that at an even lower dose
rate, such as the one used in the present study, reduction of
synaptic efficacy would require even higher doses. Removal
of the decrease in synaptic efficacy with lower dose rates
may allow the expression of a distinct mechanism that in-
creases synaptic efficacy.

An alternative explanation is that the increase and the
decrease in synaptic efficacy are due to the same underlying
mechanism that is biphasic in nature. We have hypothe-
sized that the decrease is due to an oxidation of cellular pro-
teins because oxidizing agents such as chloramine T and n-
chlorosuccinimide can decrease synaptic efficacy in the
same way as free radicals generated by peroxide and as ex-
posure to v irradiation (20). Oxidizing agents, radiation,
and free radicals can impair calcium regulation by the mito-
chondrial, sarcoplasmic reticular, and/or plasma mem-
branes, resulting in increased intracellular calcium concen-
tration (27-27). Synaptic processes are markedly sensitive
to calcium. A relatively small increase in-presynaptic cal-
cium levels can increase release of neurotransmitter and in-
crease the synaptic potential. At higher levels of calcium,
the divalent cation can block calcium influx and have other
toxicological actions. Altered calcium regulation could ex-
plain both the increase in synaptic efficacy seen in the pres-
ent study and the decrease seen with v radiation at higher
doses and dose rates.

There is precedent for biphasic changes in calcium-de-
pendent processes. For example, in cardiac cells from the
dog, the calcium-dependent spike is first prolonged dnd
then blocked by exposure to free radicals generated either
from peroxide or from dihydroxyfumarate (28, 29). At the
synaptic contact between muscle and nerve (the endplate),
exposure to mercury first increases and then decreases the
synaptic potential (endplate patential)-(30). The calcium
ionophore X-537a, which allows iflux of calcium into the
presynaptic terminal, also has a biphasic effect on the end-
plate potential, first increasing and later decreasing the am-
plitude (31).

One might-expect exposure to radiation in vivo to-pro-
duce changes in neurons throughout the brain similar:to
those reported here for neurons in slices of hippocampus.
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Although it is difficult to predict from the present study the
type of symptoms that might result from general nervous
system dysfunction, the disorientation that results from ra-
diation exposure would not be inconsistent. Since the hip-
pocampus is thought to have a role in memory and learn-
ing, deficits in these functions may be prevalent if the dam:-
age is more specific to hippocampal neurons. In vivo, other
factors also come into play. Humoral effects (e.g., increases
in levels of prostaglandins or histamine) are likely to influ-
ence neuronal activity. In addition, reduced blood flow and
alteration in the blood-brain barrier will affect brain func-
tion. Changes in glial cells can also alter the neuronal envi-
ronment. The interactions of all of these factors must be
considered before we can arrive at a full vnderstanding of
radiation damage to the nervous system.

The data presented in this report demonstrate that doses
aslow as 40 Gy X radiation can have direct effects on neuro-
nal tissue in vitro. With the availability of an X-ray system
that allows investigation into the radiation sensitivity -of
more complicated neuronal behavior than previousty possi-
ble, future studies are likely to demonstrate neuronal dam-
age at even lower doses.
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Summary

The presence of excess membrane has been observed in the secretory granules of mast cells activated via the physiological
mechanism of IgE receptor-mediated exocytosis. This excess membrane is the result of a de 11ovo assembly from phospholipid,
cholesterol, and other membrane components stored in the matrix of the quiescent granule. Following receptor stimulation,
membrane bilayer structures of varying size and shape can be seen in the subperigranular membrane space where the
perigranular membrane has lifted away from the granule matrix. Vesicles as small as 25 nm in outer diameter are frequently
found beneath the perigranular membrane at the site of granule fusion. Membrane in the form of elongated vesicles, tubes, or
sheets has also been observed The wid. variation in size and shape of the newly assembled membrane may reflect the
spontaneity of the entropy-driven membrane generation process and the fluid characteristic of the biological membrane in
general. Fusion of the newly assembled membrane with the perigranular membrane enables the activated granule to enlarge.
This rapid expansion process of the perigranular membrane may be the principal mechanism by which an activated granule
can achieve contact with the plasma membrane in order to generate pore formation. The fact that new membrane assembly
also occurs in the IgE receptor-mediated granule exocytosis, supports our observation that de novo membrane generation is an
inherent step in the mechanism of mast cell granule exocytosis. Whether new membrane assembly is a common step in the

mechanism of secretory granule exocytosis in general, must await careful reinvestigaticn of other secretory systems.

Introduction

Perigranular membrane lifting and granule enlarge-
ment are early morphological changes associated with
mast cell exocytosis and histamine release (Bloom &
Haegermark, 1965, Bloom & Chakravarty, 1970;
Rohlich et al., 1971; Uvnas, 1982). In agreement with
the above observation, we have previously proposed a
mechanism by which this rapid membrane expansion
could be accomplished (Chock & Chock, 1985; Chock
& Schmauder-Chock, 1985). The conclusion, which
led to our proposing that a de novo membrane
assembly is an obligatory step in the mechanism of
secretory granule exocytosis, was based on the follow-
ing findings:

(1) Quiescent mast cell granules contain no excess
membrane within them, but following stimulation to
secrete histamine, membrane vesicles can be observed
in association with activated granules.

(2) Purified granules, after their perigranular mem-

*To whom all correspondence should be addressed

branes have been removed, can still generate new
bilayer membrane.

(3) New membrane vesicles have been seen fusing
with the enlarging perigranular membrane in mast
cells activated with detergent (Chock & Schmauder-
Chock, 1985).

(4) The activated granule has been observed to triple
in its perigranular membrane surface area prior to
fusicn with the plasma membrane (Schmauder-Chock
& Chock, 1987a).

(5) A non-bilayer phospholipid pool, capable of
sustaining a trebling of the granule surface area, has
been localized in the quiescent mast ceil granule
(Chock & Schmauder-Chock, 1987, 1989). This phos-
pholipid pool also serves as the source of arachidonic
acid needed for the production of prostaglandins and
other eicosanoids during exocytosis (Chock &
Schmauder-Chock, 1987, 1988; Schmauder-Chock &
Chock, 1989).

tPresent correspondence address: 203 Cedar Avenue, Gaithersburg, MD, 20877, USA.
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In order to find out if de novo membrane assembly
also occurs in the normal physiological mechanism of
histamine release, we have now examined the rapid
granule changes following an antigen challenge of
presensitized mast cells.

Physiologically, the production of immunoglobulin
E (IgE) antibodies in response to antigen (e.g.
allergens) exposure is the cause of immediate
hypersensitivity. The binding of these resulting anti-
bodies to the mast cell surface IgE receptors renders
the mast cell sensitive to the antigen (Ishizaka et al.,
1970). Challenge of presensitized mast cells with their
specific antigen will trigger granule exocytosis and
result in the release of histamine. By presensitizing rat
peritoneal mast cells with a monoclonal IgE antibody
against DNP, and then challenging them with a
multivalent DNP antigen, we also found the presence
of excess membrane within the activated granules.
Since this excess membrane and also that which has
been shown in the detergent-activated mast cell are
the result of a new assembly, we concluded that de
novo membrane generation must also occur in the
normal IgE receptor-mediated mast cell secretory
granule exocytosis. This, in turn, suggests that new
membrane assembly may be an inherent step in the
mechanism of secretory granule exocytosis.

Materials and methods

Male Sprague-Dawley rats (350-500 g) were either obtained
from the NIH animal facility or from NIH animal contract
suppliers. Peritoneal lavages were performed after the
animals had been killed by carbon dioxide inhalation. A
20ml cold Hank’s balanced salt solution (HBSS, Gibco)
containing 0.1% bovine serum albumin was injected into the
peritoneal cavity and drained through an incision several
minutes later. A fraction, enriched in mast cells, was
obtained from the 30 xg, 10 min low speed centrifugation of
the combined peritoneal lavages. Passive sensitization
against 2,4-dinitrophenol (DNP) epitopes was based primar-
ily on the original procedure of Ishizaka ¢f al. (1985). After
one wash with calcium-free HBSS, the cell suspension was
incubated for one hour at 20°C in the presence of 100 ug ml
anti-DNP monoclonal IgE antibody to saturate the surface
IgE receptors. Unbound antibodies were removed by three
subsequent washings of the 35xg 10min centrifugation
pellets: twice with calcium-free HBSS and once with normal
HBSS. After resuspension in 1IBSS, the sensitized ipast cells
were challenged with the multivalent antigen DNP cross-
linked to human serum albumin (DNP,,-HSA). After a45sec
incubation in the presense of 0.6pug ml~' DNP,-HSA at
20°C, the reaction was terminated by adding an equal
volume solution of 4% glutaraldehyde, 4 mm MgCl, in
100mmM sodium cacodylate, pH 7. After 30min at room
temperature, the cells were quickly washed twice with the
fixative buffer containing no glutaraldehyde, using a Beck-
man desktop centrifuge at 1 min each sgin. The washed cells
were postfixed in 1% osmium tetroxide for 30 min, dehy-
drated in an acetone series and embedded in Epon-812. Thin
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sections were also stained with Reynold's lead citrate and
uranyl acetate before examnation with a Philips 400 electron
microscope.

Results

Rat connective tissue mast cells, isolated by peritoneal
lavage, contain a large number of secretory granules
(Fig. 1). The quiescent granule is surrounded by a taut
perigranular membrane which is often indiscernible
due to an overwhelming electron density of the
granule matrix. Rapid freezing and freeze-fracture of
unstimulated mast cells also reveal the presence of
very smooth and well-rounded perigranular mem-
brane (Chandler & Heuser, 1980). Apart from the
many mediators of anaphylaxis (Metcalfe ¢t al., 1981;
Uvnas, 1982), we recently showed that the mast cell
granule also contains a large amount of phospholipid,
cholesterol, calcium, phospholipase A,, cyclooxyge-
nase and other enzymes of the arachidonic acid
cascade (Chock ef al., 1982, 1984; Albers ¢t al., 1985;
Chock & Schmauder-Chock, 1987, 1988, 1989;
Schmauder-Chock & Chock, 1989). The quiescent
granule is very condensed and has a specific gravity of
about 1.2 (Kruger et al., 1980). It contains very little or
no water. The absence of an aqueous environment in
the granule matrix also explains why the matrix-
bound phospholipid can exist in a non-bilayer form
(Chock & Schmauder-Chock, 1989). The absence of
water also prevents the granule enzymes from becom-
ing active before the granule is activated.

A process of de novo membrane assembly has been
shown to occur (Chock & Chock, 1985; Chock &
Schmauder-Chock, 1985) in mast ceil granules acti-
vated by a detergent. Assembly of the new membrane
must have been triggered by an influx of cellular water
into the activated granule, which causes a sponta-
neous sequestration and coalescence of granule-
stored phospholipid into membrane vesicles. Fusion
of these newly assembled vesicles into the perigranu-
lar membrane explains how the perigranular mem-
brane of the activated granule can rapidly enlarge
prior to fusion with the plasma membrane (Chock &
Schmauder-Chock, 1985, 1989). For the IgE receptor-
mediated granule exocytosis, evidence which sug-
gests the occurrence of a similar process can also be
observed (Fig. 2).

In Fig. 3, views A-G represent high magnification of
areas labelled A-G respectively in Fig. 2. Evidence of
excess membrane, frequently in the form of vesicles, is
found within granules in the early stages of activation
when the granule matrices are still quite electron
dense (Fig. 3B, E, F, and G), as well as in granules
which have decondensed and become reticular in
appearance (Fig. 34, C and D). Many vesicles are seen
to contain matrix material. In Fig. 3A, the matrix
material contained within the enclosing membrane.
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Fig. 1. Unstimulated mast cell. Rat peritoneal mast cells isolated by peritoneal lavage, showing amorphous, electron-dense,
membrane-delimited secretory granules The bar at the lower left corner represents 1um

(‘large vesicle’) might have spontaneously assembled
into small vesicles in resporise toa water influx into the
enclosing membrane. Some of the enclosed vesicles
are as small as 23nm in outer diameter. Vesicles of
around 25nm in diameter are frequently seen in
decondensing granules.

Figure 4A shows a section of a cell in its early stage of
activation, most of its granules are still electron dense.

However, many of the perigranular membranes have
already lifted away from their matrices. Close observa-
tion of selected areas, labelled b-h, can be seen under
high magnification (Fig. 4 B-H respectively) to contain
newly assembled membrane vesicles (arrows). Of
particular interest is the chain of granules in a line from
the plasma membrane to the nucleus (labelled h, g, f
and e in Fig. 4A). Under high magnification, their
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Fig. 2. IgE receptor-mediated mast cell activation. Presensitized mast cells 45 sec after specific antigen challenge show gross
fransformation of their secretory granules. The areas marked A-G cotcespond to areas shown at high magnification in Fig. 3.
Perigranular membrane lifting and granule matrix dispersion are apparent in several granules throughout the stimulated cell.

The bar at the lower left corner represents 1pum.

fusion with each other becomes apparent (Fig. 4 E~H),
and the presence of new membrane vesicles (arrows)
at the sites of fusion may suggest their fusogenic role
in this case. If the fusion of these granules with each
other occurs before their fusion with the plasma
membrane (pore formation), this would result in the

formation of a membrane-lined common vacuole.
Subsequent fusion of this vacuole with the plasma
membrane will result in the formation of a deep
channel open to the outside and simultaneous
exteriorization of many granule matrices.

Figure 5 shows two different activated granules in




rying size and shape at the space

between the lifted perigranular inembrane and granule matrix. In (A), small vesicles, some as small as 23-25 nm in diameter,
appear to have formed from matrix components enclosed within the delimiting vesicles in response to a water influx. In (B-G)
membranes of varying size and shape (arrows) are seen within the activated granules. The bar at the lower right corner
represents 0.1 um when applied to the images in (B) (C) (E) (F) and (G). The same bar, when applied to the images in (A) and

(F) is equivalent to 0.06 and 0.12 pm respectively.

Fig. 3. High magnification of activated granules reveals the presense of new membranes of va




Fig. 4. New membrane vesicles and their presence at the sites of granule fusion during the formation of a membranelined
common vacuole. A Jow magnification image of an antigen-challenged mast cell, showing granules at an early stage of
activation A. Areas designated as b-h in (A) are shown under high magnification in (B-H) respectively. Small vesicles (arrows)
are shown in subperigranular membrane space in (B-H). Four granules in a line, from the plasma membrane to the nucleus (h,
g, f, and ein A) have fused into a connecting channel to form a common vacuole. At the sites of intergranular fusion (E, F and
G), new vesicles can also be seen (arrows). The bar at the lower right corner represents 0.49 pm when applied to the image in
A, and equals 0.1 um when applied to the images in (B-H.)

e



Mechanism of exocytosis

the process of decondensation, at high magnification.
Evidence that a new membrane assembly has already
occurred is seen in the many membrane vesicles found
between the lifting perigranular membrane and gra-
nule matrix of each granule. In Fig. 5A, the process of
vesicle generation seems to give the impression that
they are oozing out of the matrix like soap bubbles.
The fact that some of the vesicles (arrowhead) can be
assembled deep within the granule matrix suggests
that water can penetrate deep into the granule matrix
during the process of decondensation. The loosening
of the matrix structure can be clearly seen as it takes on
adappled appearance (Fig. 5B). The progression of the
membrane assembly process is disguised by the
density of matrix which is still osmophilic. It should be
noted that many of the newly formed vesicles appear
to contain some matrix components. Therefore, fusion
of these vesicles into the perigranular membrane
would result in ejection of granule matrix materials
into the cytoplasm of the activated cell (Chock &
Schmauder-Chock, 1989, 1990; Schmauder-Chock &
Chock, 1987b).

Discussion

It has been established that the perigranular mem-
brane of an activated granule can enlarge prior to
matrix decondensation (Bloom et al., 1965, 1967;
Rohlich et al., 1971; Uvnas, 1982). A trebling of the
perigranular membrane surface area prior to fusion
with the plasma membrane has been seen in granules
of mast cells activated by the compound A23187
(Schmauder-Chock & Chock, 1987a). Extensive perig-
ranylar membrane enlargement has also been
observed for the IgE receptor-mediated mast cell
stimulation. An activated granule with an enlarged
perigranular membrane equivalent to a surface area
increase of about 40% can be seen in Fig. 5A. Since
membrane bilayer cannot stretch beyond 2-3% of its
original surface area (Kwok & Evans, 1981), and exo-
cytosis is a membrane-delimited event (Palade, 1975),
this tremendous enlargement of the perigranular
membrane of an activated granule requires the addi-
tion of memkbrane from another source. Since forma-
tion of new membrane vesicles and their fusion with
the activated perigranular membranes have already
been ohserved in the detergent-activated mast cell
granules (Chock & Schmauder-Chock, 1985), it can be
inferred that the same process of de novo membrane
geéteration mustalso have occurredin the IgE receptor-
mediated granule exocytosis as observed here.
Several authors have described the presence of
various membranous structures in association with
activated granules of the mast cell (Lagunoff, 1973;
Lawsonet al., 1977; Kruger et al., 1980; Lawson, 1980).
However, they attributed their observations to a
fixation artefact. By using rapid freezing and freeze-
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substitudon, we have previously demonstrated tha*
the mast cell granule does, indeed, have the potential
to generate new membrane. This de novo membrane
assembly process wa. captured in mast cell granules
activated by detergent. The fact that a similar process
also occurs in the IgE receptor-mediated granule
exocytosis, as shown here, further supports our
contention that de novo membrane assembly is an
integral step in the mechanism of mast cell granule
exocytosic. Whether such a process can be a common
step in the mechanism of exocytosis in general, cannot
yet be answered until more secretory systems are
investigated.

However, membrane-like structures have been
observed in activated platelet granules, which after
stimulation, also secrete a phospholipid-derived clot-
ting factor (Fonio, 1951; White & Krivit, 1966; Marcus
et al., 1969). The extensive vesiculation of eosinophil
granules following activation by compound A23187,
reported by Henderson and Chi (1985), can also be
thought of as evidence of a new membran» #ssembly
process similar to that occurring in the activatc.i inast
cell granule. Apart from the mast cell granule which
has been shown to contain a matrix-bound phospholi-
pid store, many other secretory granules have been
suggested to contain phospholipid or lipid-like mate-
rial. For example, those of the chromaffin cell (Blas-
chko et al., 1967; Mylroie & Konig, 1971; Helle, 1973),
the parotid acinar cell (Simson et al., 1973), the thymus
gland cells (Curtis et al., 1979), the prostate gland cells
(Kanwar & Kansal, 1980), and the poison gland cells of
the centipede (Nagpal & Kanwar, 1981). The possibil-
ity that these granule phospholipid stores may also
serve as the potential reservoirs for de novo membrane
generation during the activation of their respective
secretory systems should be investigated.

It should be pointed out that many of the newly
assembled vesicles observed here (Figs 3-5), with
diameters in the range of 23-25 nm, are similar in size
to the unilamellar vesicles formed in vitro by exhaus-
tive sonication of phospholipids in aqueous media
(Huang, 1969; Sheetz & Chan, 1972). Small vesicles
with diameters less than 40 nm have been shown to be
highly unstable and fusogenic below their gel to
liquid-crystalline phase transition temperature (Lich-
tenberg et al., 1981). Their fusion is also enhanced by
divalent cations such as calcium, and by the presence
of an osmotic gradient across the vesicle membrane
(Ohki, 1984). A similar condition conducive to mem-
brane fusion is also believed to exist in the granule.

Due to limitation of the spatial arrangement of
phospholipid molecules and geometrical constraints
imposed on a minute sphere, there is a high degree of
asymmetry between the outer and inner monolayers
of a small vesicle. This is illustrated in Fig. 6 for a
vesicle of 2 nm in diameter. Since the phospholipid
molecules are assumed to be arranged in unit cells
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Fig. 5. Granule matrix changes during new membrane assembly. (A) Vesicles (arrows) appear to be emerging from the
granule matrix like soap bubbles following activation. Many vesicles also show electron-dense material within them. Vesicles
(arrowhead) also appear to be able to emerge from deep within the granule matrix, suggesting a loosening of the matrix to
permit water infiltration. Comparison of the perigranular membrane with the granule matrix suggests that the granule radius
has increased by about 20%. This increment in radius corresponds to about 40% increase in the perigranular membrane
surface area. (B) New vesicles (arrows) appear to have fused with each other. The loosening of the matrix as a result of water
infiltration, and the sequestration and coalescence of hydrophobic elements, have caused the matrix to take on a dappled
appearance. The bar at the lower left corner represents 0.1 pm.




Fig. 6. Cross-section of a small vesicle showing asymmetric
packing of phospholipid molecules between the inner and
outer phospholipid monolayers. If the diameter of the
vesicle is 23 nm, the vesicle radius, R, equals 11.5 nm. If the
thickness of the bilayer is 5nm, then R, (= R-2.5nm) =
9nm and R, = (R,~2.5nm) = 6.5nm.

contained within a cone with its apex situated in the
centre of the vesicle, the maximum number of molecu-
les that can be packed into the outer monolayer and
inner monolayer of this vesicle would depend on the
spherical surface areas defined by the radii, R,and R,
respectively (Huang & Mason, 1978). If we assume a
value of 5nm for the bilayer thickness (Small, 1967),
for a vesicle with a diameter of 23nm (R=11.5nm),
the outer limiting radius, R, would be equal to 9nm
(11.5nm minus 2.5 nm); and the inner limiting radius,
R, would be equal to 6.5nm (9 minus 2.5nm). If we
assume that the vesicle contains enly phospholipid
molecules of equal dimension, an equation which
defines the ratio of the number of molecules in the
outer monolayer (1,) to that in the inner monolayer (n,)
can be derived.

non, = (RIRY?

By substituting the values of 9 nm for R and 6.5 nm for
R, into equation (1), it can be shown that (n,/n,) = 1.9.
This means that for a vesicle of 23nm in diameter,
there are almost twice as many phospholipid molecu-
les in the outer monolayer as in the inner monolayer.
A value of (n/n) = 2.1 has been approximated for
phospholipid vesicles of 21 nm in diameter using 2
method involving *'P NMR (Yeagle et al., 1976). Since
phospholipid molecules cannot readily diffuse from
one monolayer into the opposite monolayer, a pheno-
menon known as ‘flip-flop’ (Rothman & Lenard,
1977), the fusion of a small vesicle into a planar bilayer
may result in the temporary appearance of a small
surface curvature or ‘bulge’ in the planar membrane.
This phenomenon might have been observed in the
images of perigranular membrane cross-sections (Fig.
4B and C), where the large number of membrane

Equation (1)
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curvatures or ‘kinks’ may reflect the insertion of many
vesicles.

The biochemical mechanism of how cross-linking of
mast cell surface receptor-bound IgE by its specific
antigen can trigger the release of histamine, has been
studied by T. and K. Ishizaka and their colleagues (T.
Ishizaka, 1982; Kagey-Sobotka et al., 1982; Metzger et
al., 1982; K. Ishizaka, 1985). However, itis still unclear
how the receptor-mediated signal transduction can
result in the activation of secretory granules through-
out the cell. Since spontaneous sequestration and
coalescence of phospholipid into the membrane
bilayer requires the presence of water, we have
proposed earlier that one of the results of signal
transduction in the stimulus-secretion coupling pro-
cess must be the initiation of water influx into the
target secretory granules (Chock & Chock, 1985). At
the onset of water influx, the matrix-bound phospholi-
pid and other membrane components situated directly
under the perigranular membrane are immediately
sequestered into bilayer vesicles. Their fusion with the
perigranular membrane results in rapid lifting and
expansion of the perigranular membrane away {rom
the granule matrix. Since secretory granules have
never been seen to migrate rapidly within the
filament-filled cytoplasm, or to undergo Brownian
movement, a rapid enlargement of the perigranular
membrane would provide the necessary mechanism
by which an activated granule can achieve contact
with the plasma membrane in order that fusion and
pore formation can occur.

A graphic represeriation of such a process is
summarized in Fig. 7. This simple scheme may explain
how a dense quiescent granule, following activation to
secrete histamine, can progressively enlarge prior to
fusion with the plasma membrane. The process of new
membrane assembly (Fig. 7, stage I) involves the
spontaneous sequestration and coalescence of matrix-
stored phospholipid and other membrane precursor
elements into membrane vesicles. Rapid fusion of
these de novo generated vesicles with the perigranular
membrane results in enlargement of the perigranular
membrane. Since this spontaneous membrane assem-
bly process can also result in incorporation of matrix
materials in the new vesicles, their fusion with the
perigranular membrane will also result in extrusion of
some granule matrix content into the cytoplasm
(Schmauder-Chock & Chock, 1987, Chock &
Schmauder-Chock, 1989). In conjunction with this
membrane assembly, the granule matrix begins to
decondense and sometimes take on a dappled appear-
ance, as shown in Fig. 5B. Subsequently, the expand-
ing perig anular membrane comes into coutact with
the plasma membrane and their fusion results in pore
formation (Fig. 7, stage II). If the expanding perigranu-
lar membrane comes into contact with neighbouring
granules, their fusion will result in the formation of a
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Fig. 7. A two-stage fusion model for exocytosis. The figures from left to right depict the progression of granule exocytosis.
Activation of a dense, quiescent granule near the plasma membrane results in an influx of cellular water into the granule. The
entry of water causes spontaneous sequestration and coalescence of the matrix-bound phospholipid and other membrane
precursors into membrane vesicles (stage I). The influx of water also initiates the granule activation process. Rapid fusion of
the newly assembled vesicles (represented by shaded bilayer) into the perigranular membrane resuits in the enlargement of
the perigranular membrane. Since the de novo generated vesicles may contain some matrix materials, their fusion with the
perigranular membrane can also result in the ejection of granule contents into the cytoplasm. When the expanding
perigranular membrane comes into contact with the plasma membrane, their fusion results in pore formation (stage ).
Following pore formation, the granule matrix can rapidly unravel and disperse.

membrane-lined common vacuole (Fig. 4), as in
compound exocytosis. Fusion of this vacuole with the
plasma membrane will result in extrusion of multiple
granule matrices. This may be the mechanism by
which granules situated deep within the cytoplasm
can be exteriorized.

The process of spontaneous membrane assembly
postulated here requires no chemical reaction. It is a
mere physical phenomenon driven by free energy and
entropy which is typical of the interaction between
amphipathic molecules and water (Danielli & Davson,
1935; Frank & Evans, 1945; Tanford, 1980). The
spontaneity and rapidity of such a process is reflected
in the ease with which bilayer membrane can be made
in vitro (Langmuir & Waugh, 1938; Mueller et al., 1962;
Andreoli, 1974). The involvement of an entropy-
driven spontaneous process in the mechanism of
exocytosis would explain why secretion can occur
within seconds of activation (Douglas, 1974; Plattner et
al., 1984). The varying sizes and shapes of the new
membranes, as seen here for the activated mast cell
granules, not only reflect the fluid character of the
biological membrane but also the randomness of the
spontaneous process.

Conclusion

By invoking the normal physiological cascade
involved in the triggering of the anaphylactic reaction,
we have observed evidence which strongly suggests
the occurrence of a de novo membrane assembly
process in the mechanism of mast cel! granule exocyto-
sis. Mobilization of this process, following antigen
challenge of presensitized mast cells, enables tne
perigranular membrane of the activated granule to
enlarge and fuse with the plasma membrane, forming
a pore through which histamine and other mediators
of inflammation can be exteriorized. This finding also

explains why activated granules of stimulated mast
cells have been reported to undergo ‘swelling’
(enlargement), and to contain extra membrane in
conjunction with histamine release. This observation,
together with those reported in mast cells stimulated
by a detergent and by compound A23187, supports
our hypothesis that a spontaneous process of new
membrane assembly occurs in the mechanism of
secretory granule exocytosis. Since the site of new
membrane assembly is in the secretory granule where
preformed membrane precursors are stored (Chock &
Schmauder-Chock, 1989), it seems that this process
involves a mechanism different from that believed to
take place on the smooth endoplasmic reticulum
where phospholipid synthesis is coupled to the
process of membrane assembly (Wilgram & Kennedy,
1963; Alberts et al., 1983). The underlying mechanism
of a granule exocytosis-initiated membrane assembly
might involve a combination of spontaneous free
energy and entropy changes associated with the
mixing of amphipathic molecules with water. The
important role that water plays in this membrane
assembly process cannot be over-emphasized in view
of the fact that most, if not all, biological processes
(including enzyme reactions, protein synthesis, nuc-
leic acids syathesis, lipid synthesis, as well as the
assembly and disassembly of biologically macromole-
cules) require the participation of water molecules at
some point or other; furthermore, such processes take
place in a mostly aqueous cellular medium.
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SYNOPSIS

A flow linear dichroism technique is utilized to study the unwinding of supercoiled DNA
induced by the binding of ethidium bromide (EB) and proflavire (PF) at different ratios
r (drug added /DNA base). In the case of either EB or PF bound to linear calf thymus
DNA, the reduced linear dichroism signals LD /A (LD: linear dichroism; A: absorbance,
both measured at the same wavelength), determined at 258, and 520 or 462 nm (corre-
sponding to contributions predominantly from the partially oriented DNA bases, intercalated
EB, or PF, respectively) are nearly independent of drug concentration. In the case of
supercoiled DNA, the magnitude of LD/A at 258 nm first increases to a maximum value
near r = (0.04-0.05, and then decreases as r is increased further, mimicking the behuvior
of the sedimentation coeflicients, viscosities, and gel electrophoresis patterns measured by
other workers at similar values of r. However, LD /A at 520 nm, which is due to DNA-
bound EB molecules, is constant within the range of r values of 0.02-0.06 in which the
magnitude of LD /A determined at 258 nm due to the DNA bases exhibits a pronounced
maximum. In contrast, in the case of PF, the magnitudes of LD /A determined at 258 or
462 nm are characterized by similar dependencies on r, both exhibiting pronounced maxima
at r = 0.05; this parallel behavior is expected according to a simple intercalation model in
which the DNA bases and drug molecules are stacked on top of one another, and in which
both are oriented to similar extents in the flow gradient. The unexpected differences in the
dependencies of (LD/A)z; and (LD /A)s, on r in the case of EB bound to supercoiled
DNA, are attributed to differences in the net overall alignment of the EB molecules and
DNA bases in the flow gradient. The magnitude of the LD signal at 258 nm reflects the
overall degree of orientation of the supercoiled DNA molecules that, in turn, depends on
their hydrodynamic shapes and sizes; the LD signals characterizing the bound EB molecules
may reflect this orientation also, as well as the partial alignment of individual DNA segments
containing bound EB molecules. The differences in the LD characteristics of the bound
PF and EB molecules may be due to subtle differences in the mechanisms of binding,
perhaps reflecting differences in the torsional dynamics and local rigidities in superhelical
DNA (Wu et al. (1988) Biochemistry 27, 8128-8144] induced by these two different in-
tercalating agents.

INTRODUCTION

The existence of circular superhelical DNA in both
eukaryotic and prokaryotic cells is well documented,
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and its characteristics have been studied exten-
sively.'" Many drug molecules that form interca-
lation complexes with DNA, of which ethidium bro-
mide (EB) is a classical example, are known to un-
wind supercoiled DNA.5 Electron micrographs
show that supercoiled DNA is characterized by
highly twisted, compact structures, while the relaxed
DNA forms are characterized by open and more ex-
tended structures.®'® A number of different methods,
based on differences in the hydrodynamic properties
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of supercoiled, partially relaxed, and relaxed DNA,
have been employed to characterize the degrees of
unwinding induced by drug molecules, These meth-
ods include gel electrophoresis,®!! sedimentation
velocity,®® and viscometry.!*!?

We have recently shown ' that supercoiled DNA
can be oriented in the flow gradient of a Couette
cell and that changes jn superhelicities induced by
polycyclic aromatic drugs or carcinogens can also
be monitored by linear dichroism (LD) methods.
There are several advantages inherent in the LD
technique for studying the unwinding and rewinding
of supercoiled DNA induced by exogeneous chemi-
cals: (1) the kinetics of unwinding or rewinding of
the DNA molecules on time scales of seconds can
be followed'* by monitoring the LD signal within
the DNA absorption band (< 300 nm), and (2) the
LD signal can be scanned as a function of wave-
length; thus, the orientation of the drug molecules
causing the changes in superhelicity can be followed
by monitoring the LD signal within the wavelength
range of the absorption spectrum of the drug.

In this work, we explore the relationships between
the LD signals (and thus the relative orientations)
of the supercoiled DNA, and of two typical drug
molecules, EB and proflavine (PF) (Figure 1),
which cause unwinding of the DNA by an interca-
lation mechanism. In the case of linear calf thymus
DNA, the reduced LD within the absorption bands
of the DNA and the drugs is approximately the same
and independent of the drug concentration. How-
ever, in the case of EB-supercoiled DNA complexes,
the LD/ A ratios within the DNA and drug absorp-
tion bands exhibit different dependences on the drug
concentrations; this apparent anomaly, which is not
apparent in the case of PF-¢X 174 complexes, is
attributed to differences in the degrees of alignment
in the hydrodynamic flow gradient of the supercoiled
DNA molecules as a whole, and of individual linear
DNA segments containing the bound EB molecules.

NH2

sl
~ N*\
HaN CHaCH3

J

Ethidium Bromide

MATERIALS AND METHODS

The supercoiled DNA samples (#X 174, SV 40, and
pBR322) were purchased from Bethesda Research
Laboratories ( Bethesda, MD); T'opoisomerase I was
obtained from Applied Genetics (Freeport, NY),
while EB and PF were purchased from Sigma
Chemical Co. (St. Louis, MO). Calf thymus DNA
(Worthington Biochemicals, Freehold, NJ) was
prepared and sonicated as previously described;'® a
reduction in the average molecular weight of the
DNA molecules by sonication is desirable, since the
average chain length of high molecular weight native
DNA is reduced in the hydrodynamic flow field in
the Couette cell, thus leading to diminishing LD sig-
nals as a function of time. The purity of the super-
coiled DNA samples was checked by agarose gel
electrophoresis. Completely relaxed marker DNA
was obtained by incubating the DNA with Topo-
isomr 2rase I (1 unit/0.5 ug DNA, incubation time
30 m at 37°C). Gel electrophoresis was pcrformed
using vertical gel slabs (3 mm thick) of 1% agarose
(w/v) in TEA buffer (40 mM Tris base, 5 mM so-
dium acetate, 1 mM EDTA, pH 8.2,24°C). The gels
were stained with EB, photographed under uv light,
and the bands were quantitated by densitometry
scanning. All samples contained more than 70% of
the supercoiled form I DNA.

The flow LD experiments were performed using
a Couette cell consisting of a stationary outer cyl-
inder and a rotating inner cylinder, with the DNA
solution placed in the annular gap between the two
cylinders. The LD signal is defined as follows:

LD = A” - A_L (1)
In these LD measurements, the propagation direc-
tion of a linearly polarized light beam is perpendic-

ular to the axis of rotation and parallel to the flow
gradient; the LD signal is equal to the difference in

900
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Figure 1 Structures of EB and PF.
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absorbance measured with the polarization vector
parallel (A,) or perpendicular (A,) with respect to
the direction of flow. The LD signals are a function
of (1) the orientations of the transition moments
with respect to the flow direction, and can therefore
be either positive or negative in sign, (2) the ab-
sorption spectra of the oriented species, and (3) the
degree of orientation of the macromolecules in the
flowing solution. The sign of the LD signal in the
absorption region of the DNA (230-300 nm) is neg-
ative in sign for both linear'® and supercoiled ' DNA.

For the LD experiments, the DNA samples (7.5
X 10™° M) were dissolved in 5 m M Tris buffer con-
taining 1 mM EDTA at pH 7.9, 24°C; each LD ex-
periment requires about 1.2 mL of solution contain-
ing a minimum of 10 ug of DNA. The details of our
LD apparatus are described elsewhere.!® Here, we
briefly describe only the homebuilt Couette cell used
in these experiments. The radius of the inner ro-
tating cylinder is R, = 1,10 c¢m, while that of the
outer cylinder is R, = 1.15 ¢cm {annular gap = 0.05
cm). The inner cylinder was filled with fresh doubly
distilled water, and rotated at speeds of :p to 1300
rpm. The velocity gradient G was calcu.ated from
the formula’

27R
G(s™1) =(R—"_—% (2)

where R is the mean radius [R = (R, + R;)/2], and
the rotation speed V of the inner cylinder is given
in revolutions per second. The velocity gradient in
all experiments, unless otherwise noted, was 1840
s 7. These gradients were well below the rates re-
quired for shear degradation of linear DNA mole-
cules.'® Indeed, subjecting the supercoiled DNA (or
the sonicated calf thymus DNA) to the hydrody-
namic forces in a Couette cell operating at V = 15
s ! for at least 30 m did not cause any measurable
changes in the LD signals at 258 nm,

Theoretical considerations suggest that the crit-
ical velocity gradient G, corresponding to the max-
imum rotation speed at which laminar flow char-
acteristics should still be observed, is equal to %%’

xR
GGy more ¥

where p and 7 are the density and the viscosity of
the solution, respectively. For G > G, = 800 s~ (G,
calculated using the dimensions of our Couette cell),
Taylor instabilities'® are expected to set in and the

flow is expected to be nonlaminar. However, the LD
signals increase smoothly with increasing G up to G
values of at least 3000 s~! (see below), a fact that
has been noted previously in the case of linear
DNA.52122 Pogsible reasons for the apparent ab-
sence of nonlaminar flow effects at flow gradients
above G have been briefly discussed by Lee and Da-
vidson.!”

In order to follow the changes in conformation
of supercoiled DNA as a function of EB (or PF)
concentration, small aliquots of concentrated
agueous solutions of the drugs were successfully in-
jected into the DNA solutions, and the LD spectra
were scanned after each injection from 240 to 580
nm in the case of EB, or 240 nm to 500 nm in the
case of PF. The maximum volume change due to
the injection of the concentrated EB solutions was
at most 1.5%; these small volume changes were ne-
glected. The monochromator scanning rate was 120
nm/m, and the response time of the signal lock-in
amplifier was fixed at 300 ms in order to increase
the signal/noise ratio. The concentrations of EB
and PF were calculated from the known molar ex-
tinction coefficients of both drugs in the absence of
DNA (5800 M~ cm ! for EB at 480 nm, and 34,500
M~ cm™ for PF at 445 nm).

RESULTS

Absolute Reduced LD

Typical LD signals of linear and of supercoiled DNA
as a function of the velocity gradient are shown in
Figure 2. The LD signals are expressed in terms of
the output voltage of the lock-in signal amplifier.,
However, the absolute response of the apparatus was
also calibrated utilizing crossed polarizers. The ab-
solute or reduced linear dichroism LD/A, where A
is the absorbance of the DNA samples at 258 nm,
is about ~0.14 in the case of unsonicated calf thymus
DNA at G = 3000s !, This value of LD /A is similar
to the values given by other workers for nativ. dou-
ble-stranded DNA.'>? The LD signal of the super-
coiled DNA is about five times smaller under iden-
tical experimental conditions, and thus the char-
acteristic LD /A values are only —0.03 at G = 3000
s~'; this is an upper limit for the RF I supercoiled
form, since the samples are always contaminated
with nicked RF II DNA. The LD signals due to
nicked circular DNA™ or linear DNA are higher
than those of supercoiled DNA.

The photosensitization of the DNA-bound drug




1738 SWENBERG, CARBERRY, AND GEACINTOV

LINEAR DICHROISM, V

-1 0.00

!
[ ]
o
A ‘WSIOHHOIG VAN

-~ 60

G (8

2000 3000

Figure 2 Relative LD signals at 258 nm (arbitrarily expressed in units of volts) of su-
percoiled (¢X 174) and calf thymus (C.T.) DNA as a function of the velocity gradient G.
Continuous lines: the velocity gradient was increased from zero to the maximum value at
a constant rate of 750 s %; (O) calf thymus DNA, (@) supercoiled DNA: the flow gradient
was allowed to reach a preselected value and the LD signal was measured 60 s later. DNA

concentration: 7.5 X 10°% M.

molecules can, in principle, lead to single-strand
breaks resulting in a complete relaxation of the su-
percoiled DNA. It was therefore verified that there
were no measurable changes in the ratio of (super-
coiled) / (nicked) DNA molecules during the LD ex-
periments by both gel electrophoresis and the LD
technique. Simulating the experimental illumination
{and rotation) conditions even at the higher EB
concentrations used in these experiments, there were
no detectable changes in the ratios of (supercoiled)/
(nicked) molecules detectable by the gel electro-
phoresis assays. As is shown below, the magnitude
of the LD signal at 260 nm changes by a factor of
greater than three upon complete unwinding of the
supercoiled DNA; nevertheless, subjecting the EB-
DNA samples to the experimental conditions of the
Couette cell (including illumination) at constant EB
concentrations did not cause any changes in the
magnitude of the LD signals at 260 nm. Therefore,
the extent of nicking of supercoiled DNA under our
experimental conditions, if any, was negligible.

Dependence of LD on Velocity Gradient G

The LD signals of the DNA at 258 nm in the absence
of added drugs were measured in two different ways:
(1) the rotation speed was increased at a constant
rate, equivalent to a rate of increase in the velocity
gradient G/At = 750 s™°%; and (2) the speed of ro-

tation was allowed to reach a steady preselected
value, and then the LD signal at 258 nm was mea-
sured about 60 s after equilibrium had been reached.

In the case of linear calf thymus DNA, the LD
signals were identical when measured by either
method (Figure 2). In the case of the supercoiled
DNA there is a significant difference between the
steady-state and continuous sweep LD values; at low
G values (< 500 s™*), the LD signal is positive in
sign in the continucus sweep case, and is close to
zero in the steady-state case. Above G = 1000 s ™!
the magnitude of the LD signals is consistently
higher in the steady-state case (closed circles) than

. in the continuous sweep case at all values of & ( Fig-

ure 2). Independent kinetic measurements show
that the response time of the LD signal of super-
coiled DNA is about 20~-30 s (data not shown). In
the case of linear DNA, the 1esponse time is less
than the time required to change the rotation speed
from one fixed value to another (about 5 s). The
longer time response of supercoiled DNA suggests
that some deformation of the molecule is occurring
in the hydrodynamic force field, which leads to a
better overall net alignment of the DNA bases with
their planes tending to be tilted perpendicular to
the flow lines.

At low values of G, the LD of supercoiled DNA
is positive in sign, suggesting that at low velocity
gradients the DNA bases have a weak net tendency
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Figure 3

LD spectra of EB-¢X 174 DNA complexes at three different values of r { moles

drug added /mole nucleotide); (a) r = 0.00, (b) r = 0.04, and (c¢) r = 0.10. DNA concentration:
7.5 % 10°* M. LD scans were performed at a rate of sweep of 120 nm/m at a constant flow

gradient (G = 1840 ').

of aligning with their planes parallel to the flow lines.
A very weak initial positive LD signal at GG values
below 60 s~ 15 also observed in the case of linear
DNA. Norden and Seth reported that denatured
DNA, in contrast to the double-stranded form, is
characterized by positive LD spectra;?' the small
positive LD signals at low G values therefore could
be due to minor single-stranded regions present in
the DNA molecules.

LD Characteristics of EB- and PF-Supercoiled
DNA Complexes

Typical LD spectra of $X 174 DNA without EB and
at two different concentrations of EB (r = 0.04 and

0.10, where r = moles drug molecules added/mole
nucleotides) are shown in Figure 3. Within the DNA
absorption band { below 300 nm), the LD signal due
to X 174 is negative in sign and resembles the ab-
sorption spectrum in shape, as in the case of linear
DNA.'"%222 Above 400 nm, a weak negative LD sig-
nal due to EB molecules bound to the DNA is ob-
served. As exoected for intercalated drug molecules,
the sign of this LD signal is negative.”**" Similar
LD spectra at different ratios r are shown for PF-
¢X 174 complexes in Figure 4; the negative LD band
peaking at 462 nm coincides with the absorption
band of PF bound to DNA?"* by an intercalation
mechanism.?®

Linear Dithroism, V
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Figure 4 LD spectra of PF-¢X 174 complexes at different values of r; (a) r = 1.00, (b)
= 0.04, (¢) r = 0.05, (d) r = 0.06, and (e) r = 0.10. Other conditions as in caption to

Figure 3.
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EB-Supercoiled DNA Complexes. The reduced LD
signal at 258 nm, which is predominantly due to the
net overall orientation of the DNA bases, increases
in magnitude by a factor of nearly 4 as r is increased
from zero to 0.04 by adding EB to either ¢X 174
DNA or SV40 DNA solutions; however, as r is in-
creased further to a value of 0.10, LD / A diminishes.
The LD /A values at 520 nm due to bound EB mol-
ecules remain approximately constant in the region
of r (0.02-0.06) in which the LD /A ratio at 258 nm
exhibits a pronounced minimum (Figure 5A and B).
Below r = 0.02, the (LD /A )34 ratios are rather un-
certain because of the small LD signals and absor-
bance values.

The unexpected differences in r dependence of
the absolute LD in the 258- and 520-nm wavelength
regions has also been observed in the case of pPBR322
supercoiled DNA (data not shown ). The LD signals

1 i U N —l L 1

0
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.g L 1 1 i N 1 1
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@ -002
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§ ' (B) SV40 +EB
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=
°
[
£
a

o
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o 0.04 0.08 0.2 0.16

r

Figure 5 Reduced LD (LD/A, in absolute units) at
258 nm (O, DNA absorption band) and within the bound
drug absorption bands (@). (A) EB added to ¢X 174 su-
percoiled DNA, drug LD/ A values determined at 520 nm;
(B) EB added to SV40 supercoiled DNA, drug LD/ A val-
ues determined at 520 nm; (C) PF added to ¢X 174 DNA,
drug LD/A values determined at 462 nm. DNA concen-
tration: 7.5 X 10~% M. Flow gradient: 1840 s~*.

at r = 0 and r = 0.04-0.05 correspond to supercoiled
and completely unwound DNA, respectively (see
below); typical ratios of LD signals, LD (r = 0.04-
0.05)/LD(r = 0.00), were 3.7, 2.8, and 3.7 for ¢X
174, pBR322, and SV40 DNA, respectively.

PF-$X 174 DNA Complexes. The magnitude of the
LD signal at 258 nm, for comparable values of r, is
significantly larger in the case of PF than in the case
of EB; also, the highest magnitude of the LD signal
at 462 nm due to intercalated PF (at r = 0.05) is
about 4.5 times greater than the analogous EB signal
at 520 nm (at r = 0.04). These quantitative differ-
ences can be mostly attributed to the larger molar
extinction coefficients of PF relative to those of EB.
Because the magnitude of the LD signals is propor-
tional to the absorbance of the intercalatively bound
drug molecules, the iufluence of the drugs on the
overall LD signals will be greatest at the absorption
maxima of the drug molecules. According to mea-
surements in our laboratory (data not shown), PF
bound to DNA is characterized by maxima at 256
(molar extinction coeflicient ¢ = 29,300 M "' em ™)
and 462 nm (e = 32,700), while the absorption max-
ima of EB bound to DNA are located at 298 (¢
= 27,600) and 520 nm (e = 4100); this latter value
is in good agreement with the results of Houssier et
al.?® Thus the absorption and LD spectra of inter-
calated PF molecules nearly coincide below 300 nm
with those of the DNA bases, and the overall LD
signal near 258 nm is thus greater than in the case
of EB-DNA complexes; in the latter case, the ab-
sorption maximum of intercalated EB at 296 nm
manifests itself as a shoulder in the LD spectra near
300 nm (Figure 3).

The reduced LD values at 258 and 462 nm as a
function of r for PF-¢X 174 DNA complexes are
shown in Figure 5C. These two curves resemble one
another in shape, both reaching minima at r = 0.05.
These results indicate that the PF molecules and
DNA bases exhibit similar degrees of orientation in
these flow gradient LD experiments, as expected in
a simple intercalation model.

LD Characteristics of Drug-Linear
DNA Complexes

The reduced LD values of EB- and PF-calf thymus
DNA complexes as a function of r within the DNA
and drug absorption bands are shown in Figure 6.
In contrast to the behavior of supercoiled DNA at
similar values of r, the LD/ A values at 258 nm and
within the absorption bands » the complexed drug
molecules are nearly constant us a function of added
drug concentration. The slight increase at the higher
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r values may reflect the stiffening of the DNA seg-
ments due to the intercalative binding of the drug
molecules; the reduced LD values at 258 and at 462
nm are nearly identical in the case of PF, as expected
for classical intercalation complexes.”* The small
differences between the (LD/A).5s and (LD /A5
values in the case of EB have been reported earlier
by others as discussed in the review of Houssier.?

The results obtained with the sonicated linear
DNA-drug complexes show that the LD signals as
a function of r obtained with supercoiled DNA are
not due to artifacts of the Couette cell measure-
ments.

DISCUSSION

Correlations Between Magnitude of LD,
Sedimentation Coefficients, and Changes
in Superhelical Density

The Effects of Drug Concentration. In Waring’s
paper,® the sedimentation coefficients (Ss) are

plotted as a function of v, the ratio of bound drug
molecules per nucleotide. Qur LD results are plotted
as a function of r, the concentration of added drug
molecules per DNA nucleotide. However, we per-
formed equilibrium dialysis measurements at r
= 0.05 and found that under our experimentai con-
ditions more than 95% of the drug molecules are
bound to the DNA (data not shown); this is con-
sistent with previous results of Crawford and
Waring? in the case of EB, and the known high
association constants (~ 15° V') of EB* and PF¥
measured at relatively low ionic strengths, similar
to those employed in our experiments. Thus, r = .
(for r < 0.1); this is confirmed by comparing our
values of r corresponding to the minima in the LD/
A curves, with the values of v, corresponding to the
minima in the S,, coeflicients in Waring’s experi-
ments.® These minima correspond to the “equiva-
lence point,” where the sedimentation coefficients
are the same at this value of ». for nicked and for
the fully relaxed ¢X 174 DNA forms.?
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Figure 6 Reduced LD values (in relative units) of EB- and PF-sonicated calf thymus
DNA complexes. (A) EB (@, measured at 520 nm), and (B) PF (@, measured at 462 nm);
(O) LD/A values determined at 258 nm, DNA concentration: 7.5 X 10~* M; flow gradient:

1840s~!.
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The Equivalence Point and Unwinding Angles. The
equivalence point in our experiments is reached at
r = 0.04 £ 0.005 in the case of EB-¢X 174 DNA
complexes (Figure 5A). In Waring’s sedimentation
experiments, the equivalence point was reached at
ve = 0.04.% In the case of PF and ¢X 174 DNA, our
equivalence point occurs at r = 0.05 £ 0.005, whereas
in Waring's sedimentation coefficient experiments
the equivalence point lies in the range of v, = 0.045-
0.065, again suggesting that r and v, are very close
to one another, as indicated also by the experiments
of Ramstein et al.?" for values of r < 0.1.

The differences in the v, values at the equivalence
points have been attributed to differences in the un-
winding angles ¢ per bound drug molecule.! © In the
case of EB,>™" the accepted value for 8 is 26°, while
for PF* # = 17°. When the superhelix density ¢
(number of superturns/ 10 base pairs) is known, the
unwinding angle 8 can be calculated from v, accord-
ing to the equation'?

0 =(-1800/v.) (4)

The superhelix density of $X 174 is —0.057!; using
the values of r deduced from the LD /A minima in
Figure 5, # values of 26 + 2° and 21 + 2° are obtained
for EB and PF, respectively. The latter value is
slightly larger than the one given in the literature.

The results shown in Figure 5A and B, as well as
similar results obtained with pBR322 DNA (results
not shown), suggest that the LD technique is suit-
able for following the unwinding of different kinds
of supercoiled DNA by EB. In all cases, the same
biphasic behavior of the LD signal as a function of
r is observed. However, the equivalence point ap-
pears at slightly higher values of r in the cases of
pBR322 (r = 0.05) and SV40 DNA. The superhelical
density of the latter is the same as that of X 174";
the number of base pairs per ¢X 174,733 pBR322,™
and SV40™* molecule, is 5386, 4363, and 5243, re-
spectively. From the sequences provided in the cited
references, we estimate that the GC content is 46,
54, and 41%, respectively. Therefore, these factors
cannot account for the observed differences in the
observed r ratios at the equivalence points. Other,
more trivial effects such as heterogeneities in su-
perhelical densities,” contamination of the samples
with nicked and linear forms, can also play a role
in determining the apparent values of v,.

The Shapes of the Titration Curves. The depen-
dence of the (LD/A)zs values of supercoiled ¢X
174 DNA as a function of EB and PF concentrations
is remarkably similar to the sedimentation coeffi-

cient curves published earlier by Waring.® The in-
crease in the magnitude of the LD signal as r is
increased from zero to about 0.04-0.05 is attributed
to a drug-induced unwinding of supercoiled DNA,
which causes a decrease in the S,, coefficient® and
an increase in the magnitude of the LD signal at
258 nm. Partially or fully unwound forms of ¢X 174
DNA exhibit a greater LD signal due to their larger,
more extended hydrodynamic shapes, in contrast to
supercoiled DNA, which is characterized by smaller
LD values (or higher Sy, coefficients). At an r value
near (.04, all superturns are removed, giving the
DNA molecules an untwisted open circular topology,
a state characterized by ¢ = 0. In the case of pro-
flavine, this state is reached at a slightly higher value
of r = 0.05. At still higher r values, left-handed su-
perturns, corresponding to a positive increase in the
superhelical density, are introduced as a result of
the binding of the drug molecules; this results in a
more compact form (lower LD values) and greater
Sy coefficients.

The LD/ A curves are rather symmetrical in the
case of EB (Figure 5A and B). In the case of pro-
flavine (Figure 5C), the LD /A signal as a function
of r, after passing through the minimum, does not
return to its initial value as r is increased further.
A similar asymmetry was noted by Waring in his
S0 vs v, curves.® The reasons for such asymmetric
titration curves have been discussed by Bauer and
Vinograd.! These reasons include the following: (1)
the relative binding affinity of EB (and probably
other intercalating drug molecules) depends on the
superhelical density, favoring supercoiled forms at
v < v, and linear DNA forms at v > v.; (2) the
degree of asymmetry depends on the initial values
of the superhelical density, and the maximum num-
ber of intercalated drug EB molecules that can bind
to the DNA at values of r > 0.1; it may be difficult
to achieve a sufficiently high binding level to rewind
the DNA in a positive sense to achieve the same
original magnitude of |¢|.

Tertiary Structure and Contributions of DNA
Bases and Drug Molecules to the LD Signals
Measured at Different Wavelengths

The characteristics of linear DNA in a hydrody-
namic flow gradient have been considered by a
number of different authors. Wada?* and Nordén
and Tjerneld® approximated the behavior of DNA
in terms of the Peterlin-Stuart theory®” for rigid
ellipsoids of revolution; deviations from this theory
due to the deformation and extension of the DNA
molecules in the hydrodynamic flow field were also
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considered by Nordén and Tjerneld.?® Shimada and
Yamakawa3® derived a theoretical treatment for hy-
drodynamic orientation of polymers based on the
worm-like coil model; Schellman and co-workers
used the bead-spring model for descriptions of the
polymer chains.*®*** In both of these models, the
flexibility and deformation of DNA molecules in the
hydrodynamic flow is taken into account. Overall,
the DNA molecules may be viewed as a series of
linked, relatively stiff segments that become par-
tially oriented with their axes tending to align
themselves parallel to the flow lines, thus accounting
for the observed negative LD signals within the DNA
absorption band.

Some elements of these models, particularly de-
formation and partial alignment of DNA segments
along the flow lines, may also be applicable to co-
valently closed circular DNA. However, the closed
circular nature of the intertwined DNA strands im-
poses restrictions on the overall degree of orientation
of the individual DNA segments in the hydrody-
namic force field.

Superimposed on these effects is the change in
the overall hydrodynamic shape and size of the DNA
molecules due to the changes in superhelicity in-
duced by the binding of drug molecules. The lower
the superhelicity, the greater the apparent hydro-
dynamic size of the molecules,’'® and thus the
smaller the overall Brownian rotational motions of
the DNA molecules. Therefore, unwind g should
be accompanied by a better overall alisnment of
these molecules along the flow lines in the Couette
cell. This effect, independent of any motion of the
individual segments, is believed to account for the
higher magnitudes of LD signals at the equivalence
point relative to the LD signals of the highly compact
supercoiled forms. Intuitively, it appears evident
that the overall orientations of such segments in the
flow field will be lower in the highly twisted super-
coiled forms, than in the relaxed or linear DNA
forms.

The seemingly anomalous difference in the r de-
pendencies of the (LD /A )55 and LDsy, signals sug-
gests that the unwound DNA segments containing
EB molecules may respond differently to the hydro-
dynamic force field than the closed circular DNA
molecule as a whole, or than DNA segments con-
taining few or no EB molecules. At values of r be-
yond the equivalence point, ethidium molecules are
known to bind preferentially to linear rather than
to supercoiled DNA'; thus the distribution of EB
molecules within any single closed circular DNA
molecule may be quite heterogeneous, accounting
for differences in the response of different regions

of the DNA molecules to the hydrodynamic forces
tending to align these segments. Any one of these
effects, or a combination thereof, could account for
the differences in the r dependencies of the LD sig-
nals at 258 nm and at 520 nm in the case of the EB-
supercoiled DNA complexes.

It is evident that the behavior of the LD signals
of the PF molecules as a function of r more closely
parallel the LD signal at 258 nm than the analogous
EB LD signals; the variations in the LD signals at
258 nm as a function of r are ascribed to the changes
in the overall size of the DNA molecules, differences
in deformation of the tertiary structure, and the
partial alignment of DNA segments along the flow
lines. While the exact reasons for these differences
in behavior between EB- and PF-supercoiled DNA
complexes are not known, these differences may be
related to the known differences in the binding ge-
ometries of these two drug molecules. As established
by other workers,'®%-?" PF is characterized by an
orientation angle § = 90° (orientation of in-plane
transition moment of the drug molecules with re-
spect to the axis of B-form DNA), as expected for
classical intercalation complexes. On the other hand,
the transition moments of the EB molecules appear
to be tilted with respect to the planes of the DNA
bases?>%6:2%41 (§ = §0°-75°), which suggests that the
binding geometry may be somewhat different than
in the case of PF. Furthermore, different interca-
lators may affect the local torsional rigidities and
dynamics of supercoiled DNA to different extents,*?
which in turn may affect the deformation of the
DNA molecules and/or the alignment of individual
DNA segments. In addition, there may be differences
in the binding affinities of PF and EB to DNA of
different superhelical densities.

CONCLUSIONS

The flow LD technique is a suitable hydrodynamic
method for rapidly assaying variations in the prop-
erties of supercoiled DNA induced by the binding
of drug molecules. The conformational properties of
the bound drug molecules causing these changes can
also be monitored. The 258-nm LD signal reflects
the overall shape and hydrodynamic properties of
the partially supercoiled DNA molecules, while the
520-nm LD signals due to bound EB molecules may
reflect the partial alignment of individual DNA seg-
ments containing the bound drug molecules. In con-
trast, the reduced LD values due to the supercoiled
DNA bases at 258 nm and due to complexed PF
molecules at 462 nm appear to more closely reflect
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analogous degrees of alignment of both moieties in
the flow gradients, es expected for a simple inter-
calation model of binding.
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Advances in radioprotection through the use of combined
agent regimens*

J. FOWEISSH, K. S, KUMARY, T. L. WALDENY,
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tRadiation Biochemustry, fExperimental Hematolowy, and §Behavioral
Sciences Depastments, Armed Forces Radiobiology Research Institute,
Bethesda, MDD 20814-53143, USA

The most effective radioprotective agents exhibit toxiciiies that can himit their
usefuiness. It may be possible to use combinations of agents with duferent
radioprotectiv e mechanisms of action at less toaic doses, or to reduce the tovraty
of the major protective compound by adding another agent. With regard to the
latter possibility, improved radioprotection and reduced lethal toniaty of the
phosphorothioate WR-2721 was observed when it was admenistered .n cornabin-
ation with metals (selenium, zinc or copper). The known mechanisms of action
of potential radioprotective agents and varving effects of different duses and
times of administration 1n relation to radiation exposure must be considered
when using combined-agent regimens. A number of receptor-mediated pro-
tectors and other biological compounds, including endotoxin, eicosanands and
cytokines, have at least un additive effect when administered with thiol pro-
tectors. Eicosanoids and other bioactive hpids must be administered beiore
radiation exposure, whereas some immunomodulators have activity when ad-
ministered either before or after radiation exposure. For example, the cvtokine
interleukin-1 administered simultaneously with WR-2721 before irradiation or
after wradiation enhances the radioprotective efficacy of WR-2721. The most
effective single agents or combinations of protectors result in a decrement in
locomotor activity, an index of behavioral toxicity. Recent evidence indicates
that administration of the CNS stimulant caffeine mitigates the behavioral
toxicity of an effective radioprotective dose of the phosphorothioate \WWR-3689
without altering its radioprotective efficacy. These examples indicate that the
use of combinations of agents 1s a promising approach for maximizing racio-
protection with minimal adverse effects.

1. Protection by thiols, antioxidants, and immunomodulators
Historically, the development of radioprotective agents has been dominated
by the study of sulfhydryl compounds, particularly the aminothiols and the
phosphorothioates. Various mechanisms or combinations of mechanisms for
radioprotection by thiols have been proposed: at the molecular level, scavenging
of reactive oxygen species, hydrogen transfer reactions, mixed disulfide hypo-
thesis, enhancement or protection of repair enzymes, and at the biochemical-
physiological level, modification of cellular metabolism, induction of hypothermia,
anoxia, mediators and enzymes, and biochemical shock (Fove 1981, Weiss and
Kumar 1988). The most effective thiol protectors developed thus far are
S-2(2 aminopropylamino)ethvlphesphorothiotc  acid (WR-2721) and other

* Presented at the 22nd Annual Meeting of the European Society for Radiation Biology,
12-16 September 1989, Brussels.
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phosphorothioates with slightly differing structures, such as S-2[(3-
methylaminopropyl -aminojethylphosphorothioic acid (WR-3689) (Davidson et al.
1980). A dose reduction factor (DRF) as high as 2:7 against 30-day lethality in mice
has been achieved with WR-2721 (Yuhas and Storer 1969), but high levels of
protection are accompanied by side-effects that may be unacceptable in many
situations.

A number of ‘natural antioxidants’ with low toxicity, such as glutathione,
superoxide dismutase, antioxidant vitamins (vitamins E, A, and C), as well as
substances that mimic or induce activity of endogenous antioxidant systems (e.g.
selenium), have been studied as radioprotectors. Generally, these natural agents
provide a low degree of protection compared with phosphorothioates, but they may
be of value in certain situations, Although the post-irradiation administration of
antioxidants or free radical scavengers would not be expected to have much effect,
evidence suggests that this may occur to some extent, and *s probably related to
modulation of later reactions, e.g. interaction of radiation-induced radicals of
biomolecules with reactive oxygen species evolved during normal cellular processes
(reviewed in Weiss and Kumar 1988). There is some evidence of protection against
lethality for mice administered the following antioxidants after irradiation: super-
oxide dismutase (Petkau 1987), vitamin A (Seifter et al. 1984) and vitamin E
(Malick et ai. 1978). There is evidence, mostly in vitro, that thiols administered
post-irradiation can enhance DNA repair (Riklis 1983) and reduce mutagenic
effects (Grdina et al. 1985); however, mercaptopropionylglycine does protect
against radiation-induced chromosome aberrations in bone marrow when admini-
stered to mice after irradiation (Uma Devi and Thomas 1988).

Although it is unlikely that compounds administered after irradiation will have
a greater effect than those administered before irradiation that intercept or immedi-
ately repair damage or enhance repair mechanisms, from a practical point of view it
is important to develop therapeutic agents, such as immunomodulators or biolog-
ical response modifiers, that would enhance hematopoietic and immunological
responses even when administered during the post-irradiation period.

The first and longest-studied of this class is endotoxin. When studying newer
immunomodulators it is useful to recall that although endotoxin is most effective
when administered 24h before irradiation, it provides slight protection when
administered shortly before or even after radiation exposure (Ainsworth 1988). An
effective category of radioprotectors of the immunomodulator class is polysac-
charides. The extensive studies of Patchen (reviewed in Patchen et al. 1988)
indicate that glucan (f-1,3 polyglucose) acts as a biological response modifier when
it protects against radiation exposure, e.g. when particulate glucan is given 24h
before irradiation. However, the work of Maisin et al. (1986) indicates that glucan
and related polysaccharides may also act as free radical scavengers, because high
levels of protection can be obtained by some polysaccharides when they are given
shortly before irradiation (similar to aminothiols). Our studies (Weiss and Kumar
1988), using synthetic radioprotector/immunomodulators other than glucan, such
as diethyldithiocarbamate (DDC) and levamisole, suggest that many immuno-
modulators can modulate oxidative processes and some exhibit both pro-oxidant
and antioxidant properties. These anomalies point out that it is sometimes difficult
to classify radioprotective agents into rigid categories. Also different mechanisms
may predominate, depending on dose and time of delivery. Differences in cell
biochemistry among organs or between normal and tumor tissue can result in
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differential effects, including protection in one tissue and radiosensitization or
toxicity in another. DDC is an example of a thiol protector with different effects
(Kumar et al. 1986). These factors must ultimately be taken into consideration
when choosing protectors of differing mechanisms for use in combinations.

2. Receptor-mediated radioprotection

Identification of specific receptors for many radioprotectors presents a great
advantage as it allows a better understanding of the mechanisms of action of
radioprotective agents at the cellular level. This diverse ‘class’ of radioprotective
agents, having known receptors, has many subclasses and would include the
bioactive lipids, naturally occurring peptides, and some synthetic compounds.
Bioactive lipids that are radioprotective include metabolites of arachidonic acid,
such as prostacyclin (PGI,) and leukotriene C, (LTC,); svnthetic analogs of
prostaglandins, such as 16,16 dimethyl prostaglandin E; (diPGE,); and other
phospholipid moieties (platelet activating factor (PAF)). The radioprotective activ-
ity of endotoxin, a lipopolysaccharide, is probably related to its lipid component
(reviewed by Ainsworth 1988). The extracellular and intracellular activities
thought to be involved in receptor-mediated protection are shown in figure 1.

Of the compounds acting through receptor mediation, the most active appear to
be diPGE, (Hanson and Ainsworth 1983, Walden et al. 1987), LTC, (Walden et al.
1988), PGI, (Hanson 1987b), and PAF (Hughes et al. 1989). DiPGE, and L.TC,
effectively protect hematopoietic stem cells and intestinal crypt cells and enhance
survival of irradiated mice (Hanson and Ainsworth 1985, Hanson 1987a, Walden
et al. 1987, 1988). Of the many arachidonic acid metabolites tested, PGI, (Hanson
1987b) and the prostaglandin analogue misoprostol (Hanson et al. 1988) also
provide a high degree of intestinal protection. All of these compounds are only
effective when given before irradiation.

The studies of Walden and co-workers show that the maximum protection
attainable by treatment with bioactive lipids (30-day survival of irradiated mice) is
in the range of protection afforded by the phosphorothioates. However, when a
comparison is made based on administration of equitoxic doses (1/4 LD, o), they are
not as effective: WR-2721 or WR-3689>diPGE, > LTC,=PAF. The major pro-
blems with diPGE, are extensive diarrhea and behavioral tovicity at radio-
protective doses. The eicosanoids mediate many important physiological and patho-
logical reactions, ranging from vasoregulation to inflammation, thus complicating
the elucidation of the mechanisms responsible for their radioprotective properties. In
addition, the eicosanoids also function as mediators of radiation injury (inhibitors of
prostaglandin synthesis, such as indomethacin, can be radioprotective). Protection
may involve events at the cell membrane level and induction of cell hypoxia, as well
as profound physiological effects (Walden 1987).

Many biological response modifiers, such as endotoxin and glucan, induce the
peptide cytokines interleukin-1 (IL-1) and tumor necrosis factor (TNF), and some
of the properties of endotoxin may be due to prostaglandin and leukotriene
induction as well. A common feature of synthetic immunomodulators that are
protective is their ability to induce cytokines, such as colony-stimulating factors
{CSF) and interleukins (Chirigos and Patchen 1988). Although the radioprotective
effects of a variety of biological response modifiers may be due to enhancement of
hematopoietic recovery, or other effects on a variety of immune cells, this may come
about by the release of cytokines, which in turn induce the release of many
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Figure 1. Cellular activities related to receptor-mediated radioprotection.

mediators, such as the products of arachidonic acid metabolism, and pathways that
can be considered inflammatory (Neta 1988). Identification of 1L-1 and TNF as
protective and therapeutic agents against radiation (Neta 1988, Neta et al. 1988)
presents direct evidence that inflammatory pathways participate in prevention of
radiation damage and in repair, because these two cytokines are key inflammatory
mediators, produced endogenously in response to muitiple exogenous insults
(infections, trouma and other physical stresses).

1L-1 provides varving degrees of protection, depending on the time of admini-
stration in relation to radiation exposure, probably involving a variety of mechan-
isms (Neta et al. 1988, 1989). Thesc may inrlude induction of hematopoietic
growth factors (G-CSF, GM-CSF, IL-3 and IL-6) and induction of scavenging
acute-phase proteins and superoxide dismutase, and probably other mechanisms
not vet recognized (Durum et al. 1989). The protective effects of single doses
of IL-1, whether administered before or after irradiation, contrast with G-CSF,
which is effective in improving survival of mice and neutrophil recovery only
when it is administered after irradiation in multiple doses (Laver et al. 1990).
Most studies of biological response modifiers and cytokines indicate a limit of
protection of 1-3 DRF,

Other peptide hormones, such as luteinizing hormone-releasing hormone
(LHRH), may also protect through receptor mediation. Pre-treatment of rats with
analogs of LHRH produces specific protection from radiation-induced injury to the
testes (Schally et al. 1987). This may have important clinical applications. Methyl-
xanthines, isoproterenol and norepinephrine act through receptors to increase
cellular cyclic AMP levels, which might contribute to protective activity.

3. The problem of toxicity and combinations of radioprotective agents

A major question in chemical 1adioprotection remains: can protective mechan-
1sms be separated from mechanisms of toxicity? As Maisin and Bacq (1975) have
empbhasized, the goal of non-toxic radioprotection appears difficult to attain because
radioprotection and toxicity seem to be intimately linked in all organisms, particu-
larly in mammals. The problem of toxicity of single protectors and combinations
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is more acute when the intended use is at radiation accident sites or in space, where
performance is an important factor. Behavioral and other toxicities are less
problematic in clinical applications, where side-effects can be controlled. Clinical
studies with WR-2721 have shown that it produces a variety of side-effects,
including nausea, vomiting and hypotension (Blumberg et al. 1982). Animal studies
indicate that WR-2721 also produces a decrement in performance (Bogo et al. 1985,
Landauer et al. 1987). The use of WR-2721 as an adjunct to radiotherapy and
chemotherdpy should prove beneficial (Glover et al. 1988), especially if side-effects
could be minimized. Similarly, because of exploitable differences in eicosanoid
metabolism between normal and tumor tissue, the use of these bioactive lipids as
protectors (or inhibition of their synthesis) in cancer :reatment may some day be a
reality (Walden 1987, Hanson et al. 1988). Protective cytokines, such as IL-1 and
G-CSF, may also have considerable side-effects, but they are in clinical use.

Performance decrement must be evaluated when developing radioprotectors for
uses where behavioral toxicity would be an unacceptable side-effect. In a series of
studies, Landauer and co-workers demonstrated that the most effective protectors
have the greatest behavioral side-effects, as measured by alterations in locomotor
activity (L.andauer et al. 1989b). In general, biological compounds produce decre-
ments at least as large as chemical radioprotectors. Studies demonstrate that when
radioprotective efficacy is compared on the basis of doses with equal behavioral
toxicity, WR-2721 and WR-3689 (which have undesirable behavioral effects) are
still superior to other radioprotectors tested.

There is now considerable evidence suggesting that the use of combinations of
agents is a valid concept (Maisin et al. 1968, Patchen et al. 1989, Sztanyik and
Santha 1976, Uma Devi and Thomas 1988, Weiss et al. 1987). A review of data on
combined radioprotection indicates that the maximum achievable DRF, using
combinations of protectors, will be approximately 3. However, it is extremely
unlikely that this will prove practical because of concomitant toxicity. A more
reasonable approach is to use combinations providing a lower DRF but acceptable
toxicity. In addition, DRFs obtained with combined lower doses of protectors can
be further extended by bone marrow transplants and other supportive care
administered after irradiation. When the intended use of a combination of pro-
tectors is as an adjunct to radiotherapy, appropriate preclinical testing must be done
to determine how the combination alters tumor protection versus normal tissue
protection.

Throughout the remainder of this paper we discuss protection aginst y- or
X-irradiation by combinations of agents, illustrated also by previously unpublished
data. In all radioprotection studies reported in the tables, CD2F1 male mice were
irradiated bilaterally with cobalt-60 at 1 Gy/min. The LDsq, 3, for saline-treated
mice was 8:0-8:5 Gy. Other experimental details are given in Weiss et al. (1987) and
Landauer et al. (1987).

4. Combinations of metals and phosphorothioates

Treatment of mice with salts of various metals (copper, zinc or selenium)
provided a small radioprotective effect. Therefore, it was of interest to determine
whether combinations of metals and thiol compounds would be beneficial. We first
concentrated on selenium (Se) because of its known inter-relationship with endo-
genous antioxidant defense systems, such as vitamin E and glutathione peroxidase
(Jacobs et al. 1983). The effect of Se, as sodium selenite, on the acute toxicity and
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radioprotective effect of WR-2721, was studied in male CD2F1 mice (Weiss et al.
1987). Injection of 1-6mgf/kg Se 24h before WR-2721 (800-1200mg/kg, i.p.)
decreased the lethal toxicity of WR-2721 significantly. Se injection alone
(1-6 mg/kg) 24 h before cobalt-60 irradiation increased survival (DRF=1:1). An
enhancement of the protective effect of WR-2721 also occurred when Se was
injected 24 h before WR-2721 (200-600 mg/kg, i.p., 0:5 h before irradiation). For
example, after exposure to 22 Gy (1 Gy/min), 30-day survival was 100 per cent
when mice were treated with both Se and 600 mg/kg WR-2721, and 13 per cent
when they were treated with WR.2721 alone. The DRFs for 30-day survival after
400 mg/kg WR-2721 were 2-6 with Se and 2-2 without Se pre-treatment.

Pre-administration of zinc aspartate 2min before cysteamine or 2-§-
aminoethylisothiouronium-Br-HBr (AET) increased the radioprotective effect of
the thiols (Floersheim and Floersheim 1986). Brown et al. (1988) demonstrated that
zinc chloride administration 5 min before WR-2721, resulted in an increase in both
the hematopoietic and gastrointestinal DRFs,

In subsequent studies we compared the effects of Se, zinc (Zn) as zinc chloride
and copper (Cu) as copper sulfate. We used lower doses than those used previously
in combination with thiols, and WR-2721 was also administered at a relatively low
dose. Mice were either pre-treated with the metals, or the metals were administered
simultaneously with WR-2721. Table 1 compares the effects of the metals on the
lethal toxicity of WR-2721 (1000 mg/kg). Cu pre-administration (3h or 24h)
resulted in an increase in survivors, but simultaneous administration with
WR-2721 was not effective, Zn was effective when it was given 3h before
WR-2721. Although this study was done with a small number of animals, the
results suggest that Se was more effective than the other metals when it was given
simultaneously with WR-2721.

Table 2 shows that pre-treatment with each of the three metals at — 3 h enhances
radioprotection by WR-2721 (200 mg) at 14 Gy exposure when all treatments were
i.p. However, when WR-2721 was administered orally and the metals i.p., Se was
not effective, whereas Cu and Zn had a small effect. Table 3 shows the comparative
radioprotective effects of solutions of metals and WR-2721 combined. In this
situation, Se was the most effective, in a similar way to its effect on the lethal
toxicity of WR-2721 (Table 1),

Table 1. Effect of metals (0-8 mg/kg, i.p.) on lethal toxicity of WR-2721 (1000 mg/kg, i.p.,
CD2F1 male mice).

Treatment 30-day survivors
WR-2721 1/30
Cuat —3h 9/10
Cuat —24h 7/10
WR-2721 and Cu simultaneously 1/10
Znat -3h 8/10
Znat —24h 0/10
WR-2721 and Zn simultancously 1/10
Seat —3h 4/19
Seat —24h 3/10

WR-2721 and Se simultaneously 3/10
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Table 2. Effect of pre-treatment with metals (0-8 mg/kg, i.p., —3 h) on radioprotection by
WR-2721 in CD2F1 male mice.

Treatment 30-day survivors

WR-2721 (700 mg/kg, p.o.),

1 h before irradiation (14 Gy cobalt-60) WR-2721 7/48 (15%)
+Cu 11/32 (34%)
+Zn 18/32 (56%)
+Se 3/32 (9%)

WR-2721 (200 mg/kg, i.p.),

30 min before irradiation (14 Gy cobalt-60) WR-2721 15/40 (38%;)
+Cu 34/40 (85%)
+Zn 27/40 (68%)
+Se 34/40 (85°%)

The results of metal effects on toxicity and radioprotection by WR-2721 suggest
different mechanisms for the potentiation by metals of thiol radioprotection.
Floersheim and Floersheim (1986) suggested that Zn stabilizes thiol protectors, but
there is little experimental evidence for this mechanism. Inhibition of alkaline
phosphatase by metals would alter the kinetics of conversion of WR-2721 to its
active free thiol WR-1065. This might occur with higher concentrations of Zn
(Brown et al. 1988) or Se (Weiss et al. 1987). The improvement in radioprotective
effect of WR-2721 by Se and/or suppression of toxic metabolites formed during
metabolism of WR-2721 may be due to induction of glutathione peroxidase activity
by Se administration (Kumar et al. 1988). It is possible that other endogenous
protective organometallic compounds are formed when the metals are injected, or
the metals are forming new compounds by reacting with WR-1065, This appears to
be most likely in the case of Se (Kumar and Weiss 1989).

Because oxygen plays an important role in the modulation of radiation sensitiv-
ity, modulation by metals of oxygen uptake by WR-1065 was investigated using an
in vitro model system (Kumar and Weiss 1989). The highest rate of oxygen
consumption by WR-1065 occurred in the presence of Cu, followed by Se, and Zn
had very little effect. Purdie et al. (1983) suggested that WR-1065 is oxidized to the
disulfide, and the consequent anoxia may contribute to protection by the drug. Our
studies indicate that formation of the disulfide of WR-1065 is accelerated in the
presence of increased levels of Cu. Earlier in vivo work by Yuhas et al. (1973)

Table 3. Radioprotection in CD2F1 male mice by combined treatment with WR-2721 and
metals. Solutions of WR-2721 (200 mg/kg) and metals (0-8 mg/kg) administered i.p.
simultaneously 30 min before irradiation.

30-day survivors

Treatment 14 Gy 15Gy
WR-2721 8/16 (50%) 1/16 (6%)
WR-2721 and Cu 11/16 (69%,) 9/16 (56%
WR-2721 and Zn 13/16 (81%) 5/16 (31%)

WR-2721 and Se 16/16 (100%) 13/16 (81%)
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showed that the protective effect of WR-2721 was probably influenced by oxygen
tension. Denekamp et al. (1982) reported that an optimum level of oxygen is needed
for maximum protection with WR-2721, and protection is lower below and above
that level of oxygen. It is difficult to correlate our in vitro results with the observed
radioprotective effects in mice of the metal and WR-2721 combinations, but the
studies established that metal ions are important factors in the interaction between
sulf hydryl compounds and oxygen with respect to radioprotection.

An important adjunct to studies on radioprotection by combinations of agents
are determinations of behavioral toxicity of single agents compared with combin-
ations of agents. Automated quantitation of spontaneonus locomotor activity has
been found to be a sensitive measurement of the belavioral toxicity of radio-
protectors (Landauer et al. 1987). Table 4 summarizes the effects of combinations
of metals and WR-2721 on mouse locomotor activity. Mice (n=11/group) were
tested during the noc:urnal phase of their light/dark cycle. All treatments resulted
in locomotor decreme nts, Administration of metals alone resulted in an earlier onset
of locomotor decrer.: :nt than the WR-2721 treatment, but it took longer to recover
from the decrement produced by WR-2721, When WR-2721 was administered
with the metals, the Cu combination resulted in the most severe locomotor
decrement, due mainly to the longer recovery time. The Zn and WR-2721 mixture
appears to be the least toxic because WR-2721 alone produced a greater perfor-
mance decrement than the combination. Information on the behavioral toxicity,
lethal toxicity and radioprotective effects of combinations can be useful for
comparative assessments of combined radioprotective rezimens.

S. Combinations of receptor-mediated and other biological compounds
with phosphorothioates

The first indication that biological response modifiers or immunomodulators
might be effective in combination with thiols resulted from studies of endotoxin
and AET. Administration of endotoxin at 24h and AET 15 min before radiation
exposure of mice resulted in greater than additive protection (Ainsworth et al.
1970). Unpublished work by Walden, using detoxified endotoxin (monophosphoryl
lipid A) injected at — 24 h, produced an additive effect with WR-2721 administered
at —30min.

The combined use of WR-2721 and diPGE, has been investigated (Hanson
1987a, Steel et al. 1988, Landauer et al. 1989b). The studies have shown a favorable
protective response with y-irradiation. When WR-2721 was administered 15 min
before irradiation with (4 mg/kg diPGE, given 5min before irradiation, 30-day
survival increased as compared with that of WR-2721 alone. In this case, protection
by the combined agents was slightly less than additive. The DRF for WR-2721
(200 mg/kg) was 1-9; for diPGE,, 1-45; and for the combination, 2-15. A protective
response that was greater than additive was obtained for survival at 6 days when
diPGE, was administered 1h before irradiation and before WR-2721 (Hanson
1987a). Greater protection of murine intestinal crypt cells was observed after the
combined treatment, but protection by high doses of WR-2721 (approximately
300-400 mg/kg) could not be improved by the addition of diPGE,. The greater
protection produced hy using the combination of agents in this study could have
resulted from the order of administration, which produced different physiological
responses, or from modified catabolism of the radioprotectors. Misoprostol, a
synthetic analog of prostaglandin E,, was effective in protecting intestinal clono-
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Table 4. Behavioral toxicity (locomotor decrement) in CD2F1 male mice treated i.p.
simultaneously with metals (0-8 mg/kg) and WR-2721 (200 mg/kg).

Onset of Maximum

locomotor locomotor decrement Time to recover

decrement from decrement
Treatment (mun) (min) percentage (h)
WR-2721 25 25 70 4.0
Se 15 15 70 08
WR-2721 and Se 10 20 95 4.5
Cu 10 10 66 06
WR-2721 and Cu 10 30 80 7-0
Zn 10 10 35 03
WR-2721 and Zn 20 30 70 35

genic cells when combined with WR-2721 (Hanson et al. 1988). The combination
of misoprostol (25 ug/mouse) followed by a high dose of WR-2721 (10 mg/mouse)
extended the longevity of mice irradiated with 20 Gy and 23-5 Gy.

When WR-2721 followed by diPGE, was administered before fission neutron
irradiation, there was no improvement in the survival of mice compared with those
given WR-2721 alone (Steel et al. 1988). Behavioral toxicity studies conducted on
mice receiving the combination of WR-2721 and diPGE, demonstrated a greater
behavioral decrement measured by locomotor activity than those produced by
either agent alone (Landauer et al. 1989b).

Although Maisin et al. (1986) failed to find improved radioprotection with
polysaccharides and AET, Patchen et a’. (1990) reported enhanced protection by
WR-2721 in combination with glucan. The protective effect (DRF 1-2) of particu-
late glucan administered at —20h was additive with the protective effect of WR-
2721 (200 mg/kg, —30min). Furthermore, an even greater protection was obtained
when Se was also given at —20h. Treatment with each of the three agents, which
act by different mechanisms, resulted in an increase in hematopoietic stem cells
(endogenous spleen colony-forming unit assay). Treatment with the combination of
the three agents was most effective in this regard, as well as in accelerating bone
marrow and splenic granulocyte-macrophage colony-forming cell regeneration
(Patchen et al. 1990). A greater than additive effect was obtained when WR-2721
was given before irradiation and soluble glucan (Glucan-F) was administered after
irradiation (Patchen et al. 1989). This study established a potential role for the
post-irradiation use of immunomodulators in combination with traditional thiol
radioprotectors. Such combinations appear to depend on the sequential thiol-
mediated cell protection and immunomodulator-mediated hematopoietic
stimulation.

We demonstrated that IL-1 was effective in improving the survival of irradiated
CD2F1 mice when it was administered at times ranging from 20 h before to 2 h after
radiation exposure. When administered after irradiation in combination with WR-
2721 (200 mg/kg, —30min), IL-1 enhanced survival at radiation doses (15-16 Gy)
causing hematopoietic and gastrointestinal injury (Neta et al. 1989). Table 5 shows
the effect of simultaneous administration of IL-1 (human recombinant interleukin-
1%, Hoffmann-LaRoche) and WR-2721 at 30 min before irradiation. I1L-1 alone has
no protective effect at the high radiation doses tested. Greater than additive
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Table 5. Radioprotective effects of combinations of WR-2721 and IL-1 in CD2F1 male
mice. Simultaneous i.p. administration 30 min before irradiation.

30-day survivors

Treatment 14 Gy 15Gy
WR-2721 (200 mg/kg) 14/32 (44%,) 0/24 (0%)
+IL-1 (4 ug/kg) 23/24 (96%,) 6/16 (38%)
+IL-1 (400 ug/kg) 16/16 (100%,) 13/16 (81%,)
18 Gy 20Gy
WR-2721 (400 mg/kg) 14/32 (449, 1132 3%
+IL-1 (4 ug/kg) 30/32 (94°,) 15/32 (47%)
+IL-1 (400 ug/kg) 25/32(78%,) 6/32(199%,)

protection was obtained with combinations of IL-1 and 200 mg/kg WR-2721 (1/4
the LD,  dose) or 400 mg/kg WR-2721. The higher dose of IL-1 (400 mg/kg) did
not provide much benefit over the lower dose (4ug/kg). WR-2721 may be
protecting hematopoietic stem cells, which in turn may be amplified because of
IL-1 administration. Whether similar explanations can be used to account for im-
proved protection with WR-2721 and IL-1 in the gastrointestinal dose range is
being investigated. Although the biochemical mechanisms of protection by IL-1
are unclear, it is known that IL-1 treatment of mice induces ceruloplasmin and
metallothionein (reviewed by Neta 1988), both of which have antioxidant and
possible radioprotective effects. The induction of superoxide dismutase by IL-1
also was observed recently in vitro (Masuda et al. 1988). Vaishnav et al. (1989)
showed that IL-1 can induce manganese-superoxide dismutase in vivo, but only at
6 h after administration with the higher dose (400 ug/kg). Therefore, superoxide
dismutase may contribute to the radioprotective effect of IL-1, but may not be the
only radioprotective mediator.

It would be useful to combine more than one cytokine with a phosphorothioate,
because additive protection has been observed with combinations of cytokines or
biological response modifiers: 1L-1 and TNF (Neta et al. 1988), IL-1 and G-CSF
(Laver et al. 1990) and glucan and BM41.332 (Patchen et al. 1988). Presently, the
only recommended biological factors for the treatment of radiation injuries in
humans are recombinant G-CSF and GM-CSF (Browne et al. 1990) because more
clinical data are available for these agents. Because WR-2721 is also in clinical use,
animal studies on combinations of pre-irradiation administration of phosphoro-
thioates combined with post-irradiation administration of G-CSF or GM-CSF
show promise: for early acceptance for human use (Patchen and MacVittie,
unpublished work). The further addition of post-irradiation bone marrow trans-
plants has been shown previously to be of value with a number of protectors, for
example, in combination with IL-1 (Oppenheim et al. 1989).

6. Combinations of caffeine and phosphorothioates
Research on chemical radioprotectors needs to be expanded to include studies
on drugs that will prevent radiation-induced behavioral disruption and per-
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Table 6. Effect of caffeine on radioprotection by WR-3689 in CD2F1 male mice. Simulta-
neous oral administration 1 h before irradiation.

30-day survivors

Treatment 10Gy 11 Gy 12Gy
WR-3689 (400 mg/kg) 12/32 (389,) — —_

+ caffeine (40 mg/kg) 14/32 (44°,) — —
WR-3689 ( Img/kg) 4/8 (50°,) 2/8 (25°,)
+ caffeine (44 .ng/kg) 10/16 (63°,) 4/16 (25°,)

formance decrement, as well as studies on agents that will modify the behavioral
toxicity of radioprotectors (Bogo 1988). Landauer et al. (1989a) recently deter-
mined that the CNS stimulant cuffeine can mitigate the locomotor decrement
produced by WR-3689. These data and results on radioprotection by combinations
of caffeine and WR-3689 will be published in detail elsewhere. The timing of
caffeine administration in relation to administration of the phosphorothioate
appears to be important in mitigating the behavioral effect, but not the radioprotec-
tive efficacy, of WR-3689. Caffeine administration does not have an adverse effect
on the radioprotective efficacy of WR-3689 when the drugs are administered by
various routes. Table 6 shows the survival of irradiated mice (10-12 Gy) after
simultaneous oral administration of WR-3689 and caffeine 1h before irradiation.
No significant difference in survival was observed. Although caffeine is generally
considered to be a sensitizer, results on radiosensitization effects are, in general,
obtained from in vitro cell irradiation studies. There is evidence that, in mice,
caffeine provides some protection of jejunal crypt cells, as do other inhibitors of
cyclic AMP phosphodiesterase (Lehnert 1979). The results on combinations of
caffeine and WR-3689 provide encouragement that the toxicities of major radio-
protective compounds can be ameliorated.
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