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EFFECTS OF ETHIOFOS (WR-272 1) AND RADIATION ON
MONKEY VISUAL DISCRIMINATION PERFORMANCE

V. BO()*. C. G. FRANZ*. A. J. JACOBS-, J. F. WEISS + and R. W. YOUNG'

'Behchvoral Si ten, cN and - Radiatioin Buimheni r Departinent.%, Armed Fur e.i Rwiubhuiohgv Resear "t Ilitute. Bethesda.
Mai ,land 20814-5145. U.S.A.

Rathctu'n P,'i ii tiwi. Ra uiamon Sci'nec, I)trectorate. Deknueuclenhar .4DCccv. Waingtin. D) 20305-000. U.S.A.

WR-2721 (ethiofos) is a promising protector against radiation-induced lethality and may be
useful in cancer radiotherapy (Davidson et al., 1980). However, ethiofos also produces nausea,
vomiting, diarrhea, and hypotension, which implies severe behavioral consequences (Bogo et
a/.. 1985). We studied the effects of ethiofos on behavior in monkeys and its ability to mitigate
carly transient incapacitation (ETI). ETI is the abript cessation of performance (for at least 1 min)
following rapidly delivered, high doses of radiation and usually occurs 5 - 10 min after irradiation
and lasts for I - 15 min (Bogo, 1988a).

Male rhesus (Macaca mulatta) monkeys (N = 24) were obtained from the Joint Services Primate
Breeding Colony, Naval Aerospace Medical Research Laboratory, Pensacola, Florida, and
quarantined 60 d for evaluation, tuberculosis testing, and stabilization. Monkeys were maintained
in conventional stainless steel, wall-mounted cages in rooms maintained at 72 * 2°F, with 50%
+ 10% relative humidity using 100% conditioned fresh air at 12 air changes per hr. They were
provided commercial monkey chow and hyperchlorinated tap water ad libitum, and were kept
on a 12 hr light/12 hr dark, full-spectrum light cycle with no twilight.

Monkeys seated in plastic chairs were exposed to a TRIGA reactor pulse (50 msec) of
neutron/gamma radiation (ratio 0.4). The doses were 14, 16, 22, and 24 Gy. A 22 Gy pulse
was used in the ethiofos/radiation condition because it was known to be 90% effective in producing
ETI in monkeys performing the speed stress visual discrimination task (SSVDT) (Bogo et al.,
1987). Since the ETI dose was well above the LD 50/30 of 6 Gy for a monkey, ethiofos was
not expected to offer any protection from lethality. Ethiofos was given i.v. (saphenous vein)
at least 30 min before irradiation. The 200 mg/kg dose was diluted in 60 cc saline and injected
with an infusion pump over 5 min.

Performance was assessed with either a visual discrimination task (VDT) or an SSVDT. In
these shock avoidance tasks, trained monkeys discriminated between a circle and a square (always
the correct choice) randomly presented every 10 s on backlit press-plates. Maximum response
time in the VDT was 5.0 s, and 0.7 s or less in the SSVDT. Performance was assessed 15 min
before and after ethiofos. during radiation exposure, and for 90 min after irradiation. The test
measures were (a) ETI 90 min following radiation, (b) percent correct choice following ethiofos
and/or radiation, (c) emesis after ethiofos and/or radiation, and (d) time to death.

In the repeat-measure study, the same six monkeys (mean weight 8.3 kg) were tested on the
SSVDT as follows: (a) sham ethiofos Raline)lsharn radiation (baseline control). 1b) ethiofos'sham
iadiation. and (c) ethiofos/radiation. A three week interval was allowed between tests. At the
time of the study the number of large. trained monkeys was limited, and no concurrent radiation-
only control group existed to illustrate ETI. Radiation-only controls were obtained from the
Armed Forces Radiobiology Research Institute's Primate Behavioral Data Base in smaller but
similarly handled monkcys (weight 3.7 kg) (Franz et al., 1981). The 14 and 16 Gy irradiated
monkeys performed the SSVDT. and the 24 Gy irradiated monkeys performed the VDT. All
monkeys were monitored before and after exposure to record incidence of emesis and were
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Fiu. 2. Radiation control conditions for Fig. I. Performance on the SSVDT after 14 and 16 Oy radiation.
and performance on the VDT after 24 Gy radiation. Circles show the number of subjects with ETI.N = 6igroup.

monitored until death. Percent correct performance was analyzed by two-way ANOVAs.
Chi-square analysis was used to compare incidence of ETI and emesis.

In the repeat-measure conditions, performance during the post-ethiofos test period was
significantly below the same-subject baseline, ranging from 25% to 30% below baseline at 45
and 85 min posttreatment, respectively (Fig. I). Performance of the ethiofos/radiation condition
was significantly below both the same-subject baseline and ethiofos conditions after treatment.
The decrements ranged from 35 % below baseline 10 min after irradiation to 80% below baseline
45 min after exposure. Both the ethiofos and ethiofos/radiation conditions were overall
significantly below the same-subject baseline.
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In the radiation-only conditions, performance dropped an average of 56%, 10-15 min
postexposure (Fig. 2). Performance in the 14 and 16 Gy conditions recovered to 15% below
control after 20 min postexposure, while recovery was more gradual in the 24 Gy condition,
to 25 % below control at 70 min. All radiation-only conditions in Fig. 2 were significantly below
the baseline condition in Fig. 1.

The incidence of ETI was significantly greater in the ethiofos/radiation condition (83%) than
ethiofos alone (33%). The incidence of emesis did not differ significantly between the combined
and ethiofos-alone conditions (42%). The time until death did not differ significantly between
the monkeys irradiated with 24 Gy alone and those treated with ethiofos and irradiated with
22 Gy, i.e. average time to death was 24 hr.

Ethiofos produced a decrement in the SSVDT and offered no protection against radiation-
induced ETI, performance was worse in the combined condition than in either the ethiofos or
radiation conditions alone. These findings are similar to those previously reported in rats
performing a motor function task (Bogo et al., 1985). Since ethiofos is behaviorally toxic in
two animal models, future work will focus on either reducing its behavioral toxicity or searching
for other effective radioprotectors with less toxic effects on behavior (Bogo, 1988b).

Acknowledgcments-We wish to thank J. Harrison and P. Mannon for training subjects and collecting data. This research
was supported by the Armed Forces Radiobiology Research Institute. Defense Nuclear Agency (DNA), under work
unit 00096. Views presented in this paper are those of the authors: no endorsement by DNA has been given or should
be inferred. Research was conducted according to the principles enunciated in the Guide for the Care and Use of Laboratory
Animals prepared by the Institute of Laboratory Animal Resources. National Research Council.
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GAMMA RADIOLYSIS OF RNA.

AN ESR AND SPIN-TRAPPING STUDY
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INTRODUCTION

It is well known that the radiolytic cleavage of water produces
hydroxyl radicals ('OH), hydrogen atoms ('H) and hydrated electrons (e ).
Althoufh4 these species react rapidly with the 

individual nucleic acid aq

bases, it is generally accepted that when nucleic acid (DNA, RNA) solu-
tions are exposed to ionizing radiation, the principal reaction leading to
nucleic acid damage is caused by 'OH. Besides direct formation, *OH is
formed from H_2 0 also a product of the radiolysis of water, in the presence

of trace amounts of divalent metal ions. The study reported here deals
with the reaction of RNA with *OH, produced in aqueous solutions by gamma
radiolysis. Of concern are the processes that occur following this reac-
tion. For instance, are the precursors to the nucleic acid damage localized
at specific base sites or do they occur indiscriWinately throughout the

nucleic acid molecule? Recently Kuwabara et al. using HPLC, spin trapping
and ESR identified the precursors of thymine damage in X-irradiated DNA

solutions. For the present study, poly A, poly C, poly G and poly U were
used as standards for RNA, and RNA was used as a model system for similar

reactions that may occur in DNA. The nucleic acid free radical inter-
mediates were detected and identified by ESR and spin trapping following
hydrolysis of the spin-trapped nucleic acid molecules.

MATERIALS AND METHODS

To eliminate possible small-molecular-weight contaminants, solutions of

RNA, poly A, poly C, poly G and poly U were dialyzed against several changes
of doubly deionized distilled water and then lyophylized. The spin trap

2-methyl-2-nitrosopropane (MNP) was prepared by dissolving 20-30 mg of MNP
in 10 ml of water and stirring in a water bath at 450C for approximately 2

h. Solutions of RNA and of the various pol4nucleotides were prepared by
dissolving the lyophylized powders (5 x 10 to I x 10-M) dirgtly in the
MNP solution and adjusting the pH to 8. These solutions were Co gamma-
irradiated at a dose rate of 45 Gy/min to a total dose of 700 Gy. ESR
spectra of the spin-trapped RNA and polynucleotides were immediately

recorded following irradiation. The spin-trapped RNA samples were hydro-
lyzed with base (NaOH, pH 12.6) or enzymatically (RNAase). The spin-trapped
polynucleotides were hydrolyzed with base. ESR spectra were recorded at
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vario,% times during hydrdlysis until the hydrolysis was complete as judged
by the resolutio, of the ESR qpectra. ESR spectra were recorded on a Varian
E-109 X-hand spectrometer at 100 KHz magnetic field modulation. The spectra
were analyzed by compariton with computer-generated ESR spectra.

RESULTS AND DISCUSSION

The ESR spectrum obtained for the spin-trapped RNA is shown in Figure
La. This spectrum consisting of three broad lines is characteristic of
nitroxide groups bound to slowly tumbling large molecules in solution.
Figure lb shows the ESR spectrum obtained following base or enzymatic
hydrolysis of the spin-trapped RNA. This spectrum consists of a triplet of
sextets indicating that the unpaired nitroxide electron is interacting with
the nuclei of a ' nitrogen and F hydrogen. The hyperfine coupling con-
stants for this spectrum are aN=1.48 mT, a = 0.25 mT and a,= 0.15 mT.
Following base hydrolysis of the spin-trapped polynucleotiges, only poly C
(Figure 2a) and poly U (Figure 2B) yielded ESR spectra consisting of a trip-
let of sextets. The hyperfine coupling constants for the ESR spectrum
corresponding to the hydrolyzed poly C are a = 1.49 mT, a = 0.27 mT and a'
0.16 mT. For the hydrolyzed poly U, aN= 1.49 mT, a'= O.2A mT and a = 0.
mT.NH

b
a

Figure 1.

a b

Figure 2.

The results suggest that in RNA only uracil radicals were spin trapped.
Furthermore, due to the 3 nitrogen and 2 hydrogen interaction with the
unpaired nitroxide electron, the results indicate that MNP reacted with
uracil-C6-carbon-centered radicals. BecaIse hydroxyl radicals react with
all bases at approximately the same rate, two possible explanations for the
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observed results are immediately obvious: 1) The spin-trapping efficiency
is not equal for radicals formed on each base, and 2) the stability of the
various spin adducts is not equal. Although still being investigated, the
first possibility appears unlikely because IMNP]>[RNAI>['OH] which should
permit MNP to react with any base radical formed in RNA. The second possi-
bility is unlikely because the ESR spectra of the polynucleotide spin
adducts and of their hydrolyzed products persist for 48 h or longer.
Another explanation for the observed results is that the free radical spin
density migrates via an intramolecular mechanism, still unclear at this
time, to the uracil bases. Radiolysis of poly (A,U) and poly (CU) in the
presence of MNP support this explanation. The results of these experiments

also show specific uracil spin trapping.
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Phospholipid Storage in the Secretory Granule of the Mast Cell*
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A spontaneous membrane assembly process has been By determining the phospholipid content of the membrane-
postulated to account for the rapid perigranular mem- bound secretory granules and correcting for the amount of
brane enlargement which occurs during mast cell se- phospholipid attributed to the original perigranular mem-
cretory granule activation. This process requires the brane, we concluded that the average mast cell granule con-
presence of a phospholipid store in the quiescent gran- tains sufficient phospholipid to accomplish at least a trebling
ule. By using purified granules with intact membranes of its perigranular membrane surface area during exocytosis.
we have determined the total phospholipid content of
the average quiescent granule. The results suggest that MATERIALS AND METHODS
the average quiescent granule contains sufficient phos-
pholipid to sustain at least a trebling of its perigranular The procedure used for mast cell granule purification is based on

membrane surface area during activation. As much as the modification of several established methods (3, 11-1:0. Briefly,
twoethrdse ofae totalrellrn atitid. is found in mast cells were purified from male Sprague-Dawley rats. Immediately
two-thirds of the total cellular phospholipid is found in following death by carbon dioxide inhalation, the peritoneal cavity
the granules, and since a large portion of this phospho- was washed by injecting 25 ml of calcium-free Hanks' balanced salt
lipid is extruded into the extracellular space along with solution (HBS)' with 10 units/ml heparin and 0.2' bovine serum
the granule matrix during exocytosis, it is implied that albumin and drained through an incision in the abdominal wall. The
this phospholipid can serve as the substrate for the combined lavages were centrifuged at :10 x g for 20 min. The pellet
formation of the lipid-derived mediators of inflamma- was resuspended in a small volume of lavage buffer and filtered
tion. through a Spectra/mesh nylon acetate filter (Spectrum Medical, Los

Angeles, CA) to remove particulates. Following centrifugation at 30
x g for 10 min. the pellet was resuspended in several milliliters of
lavage buffer. Two-ml aliquots of cell suspension were layered over
each 4 ml of isotonic ) 8 C" bovine serum albumin in 15-ml polystyrene

Phospholipid is the primary building block of all biological centrifuge culture tubes. The :38c" (w/v) bovine serum albumin solu-
membranes. It also provides the arachidonic acid required for tion was made by dissolving fatty acid-free bovine serum albumin
the formation of the eicosanoids such as prostaglandins, leu- (Sigma) in calcium-free HBS and sterilizing by ultrafiltration. Fol-

kotrienes. and thromboxanes. which are potent mediators of lowing a 15-min 573 x g centrifugation, the contaminant cells at the
interface were first carefully removed by aspiration with a plastic

inflammation (1. 2). Since membrane receptor activation pipette. The final purity of the mast cell preparation depends heavily
:night be coupled to a rapid phospholipid turnover and phos- on this step. Following removal of the remaining top aqueous phase,
pholipid metabolites can mediate many cellular responses, the cells adhering to the wall above the albumin were removed by repeat
role of phospholipid in cellular metabolism has become in- rinsing with buffer without disturbing the albumin phase. The com-
creasingly important. bined albumin phases were diluted to about 3 times their volume with

Membranous structures such as vesicles. myelin bodies, and calcium-free HBS and centrifuged at 446 x g for 10 min. The pellet
was washed twice by suspension in 15 ml of calcium-free HBS and

membrane whorls have been observed within the secretory centrifuged for 10 min at 32 x g. The pellet which contained pure
granules of many cells (3-6). More recently, a process of mast cells was resuspended in 2.5 ml of calcium-free HBS in a 15-ml
spontaneous membrane assembly has been observed in the plastic centrifuge tube and sonicated using a Branson model W350
secretory granule of the mast cell during histamine secretion sonifier equipped with a microprobe for five pulses at an output
(-9). Since it is generally believed that membrane assembly setting of 2.5 and 25 r duty cycle operating at the "pulse" mode.
is coupled to phospholipid biosynthesis at the endoplasmic Following vigorous vortexing the mixture was centrifuged at 50 x g

for 5 min. The supernatant containing the granules was transferred
reticulum 110). it follows that most, if not all, of the cellular using a pipette without disturbing the cell pellet. The pellet which
phospholipid must exist in membrane form. Since no mem- contained unbroken mast cells was resuspended in 2.5 ml of buffer.
brane or membrane vesicles are present within the matrix of This same procedure of sonication followed by a 5-min 50 x g
the quiescent secretory granule prior to activation, a question centrifugation to remove the granule-containing supernatant was
is raised about the nature of the granule matrix components repeated for the 10-, the 15-, and the 20-pulse sonications, respec-
which are responsible for sustaining the de novo membrane t.vely. The combined supernatants (about 10t ml) were centrifuged at

72 x g for 10 min to remove aggregates. The supernatant wasassembly process during secretion. Therefore it is important centrifuged at 960 × g for 15 min to pellet the granules. The purified
to determine if phospholipid is indeed present in the secretory granules were carefully resuspended in a desired volume of buffer and
granules of the mast cell. used immediately.

Routine electron microscopy of mast cells and mast cell granules
'The costs of publication of this article were defrayed in part by was carried out according to established procedure (14). The averaze

the payment of page charges. This article must therefore be hereby diameter of the quiescent granule was determined by two separate
marked "ado'rtisemnt'" in accordance with 18 U.S.C. Section 1734 procedures. In the first procedure, the average granule diameter was
solely to indicate this fact. obtained by measuring the diameters of the granule images on the

t Oart of this work was carried out while under tenure in the electron micrographs of nine different unstimulated mast cells. Al-
Laboratory of Neurochemistry, National Institute of Neurological though most granules are spherical, to avoid unfair contribution from
and Communicative Disorders and Stroke, National Institutes of --
Health. To whom correspondence should be addressed: 203 Cedar 'The abbreviations used are: HBS, Hanks' balanced salt solution:
Ave., Gait hersburg. MD 20877. TNBS, t rinit robenzenesulfonate.
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ni spherii'al granules. -N cooirdinates were arbit rarilv assigned to aqltitus phase frot th hi'olisfphliii ext racttiot %%it, %%artmed and it
he enlarged imiage of* each mast cell. Two' diatmeter,. parallel to thle streatti of flit rogen bubbled thlrough toi evapoirate dissolved ntethitol

v amd) axes, , -siect ivelv, and i hich he div ide eac h gra nuIe into and c h bin tirni. [he remiai ning solt ion was made to (.()main n1
fi inr equtal quadrants, were measu red. The results were tall ied and t rich Ii inacet ic acid. Afti'er v ig, rius agi at io n. t he samiple was equili -
he granule diamnet er distribhut ion plot ted. Ani ave rage dianmet er was brate ci r ii tt emiperat ure tior 24) mitt Thel( proi cin precipitate was

calculated using at routine statistical program writ ten to r the IBNI sedimient ed at 100 444 .o' tir 244 m t. 'The puIllet was dissolved in (0.5 mil
micruocomnputer oit a solutiotn cottainting 4.1 %1 NaA'() and 0.5'' lit hiuntl dodecvI

Inl the second procedure. the avorage quiescent granule diameter sulfate (Signma). ()ccasiiinallv. thle protein results frotm the( 'lN9S
was iiht a int, t' fri tuilt rast ruct ural images of* serial thin sectins of' mtet hod were also ciiopa red withI t he results otittainred using the I ~i wr~v
each cell. The xc and Ncoordinate dianmeter mieasuretnents of' each mtethitd a, miodified b.\ Markwell ct a!. 4211.
granule were done ats described for the tfirst procedure. ,.inc-e the
diameter if the granule protfile becomtes snmaller as it is sectioned RlES'trs
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tire finles with an addition (if 41 ml of the extracting solvent each th menda tr± .. ifheqesntgnuecnb
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lated their mean diameter ± S.D. to be 0.77 ± 0.01 Am. This
value is in good agreement with the corrected value of 0.79
Am obtained above.

If we assume the granule to be spherical, the mean surface
area of the quiescent granules can be determined for the
granules represented by the frequency distribution curve in
Fig. 2. The equations used for calculating the mean square

2 radius (R2 ), the standard deviation (S.D.), and the mean
granule surface area (A) are

R= (r',)
2
/n (2)

z
0

S.D. = ((r'.)2 - R 2 )2/(n - 11) (3)

A = 4rR 2  
(4)

where r', = 1.27r, according to Equation 1 and n = 2106. This
calculation yields a mean square radius ± S.D. of 0.145 ±

.5 1.0 a corrected mean surface area of 1.82 um2 is obtained for the
DIAMETERS (rn ) mean quiescent granule. This value is similar to the surface

Fi;. 2. Size distribution of quiescent granules from unstim- area of 1.96 m2 calculated for a sphere with a diameter of
ulated mast cells. The results from 2106 granule diameter measure- 0.79 Mm.
ments from nine different unstimulated mast cells have been plotted. The mean phospholipid content of the quiescent granule
The mean diameter ± S.D. calculated from these data yields a value was determined using the microtechnique of Vaskovsky et al.
of 0.624 ± 0.037 um for the average quiescent granule. (17). This method yields a sensitive linear standard curve as

seen in Fig. 3. Since the unit for the inorganic phosphate
TABLE I plotted on the x axis is in nanomoles, one can easily estimate

I'trrmnation of the acerage diameter for the quiescent the molecular weight of an unknown with a given adsorbance
most cell granule if its amount in micrograms present in the sample is known.

)ata are for a total of 2106 measurements. The mean diameter ± From a series of phospholipid standards, phosphatidylcholine
S.). was 0.62 ± 0.0:7 Mm. . . . . . and phosphatidylethanolamine, we have estimated their av-

Cell Average diameter erage molecular weight in Fig. 3 to be 800. A mean molecular
pm weight for a phospholipid mixture can also be calculated if

1 0.543 the phospholipid class composition and the molecular weight
2 0.604 of each phospholipid class are known. The mast cell phospho-
3 0.647 lipid is composed of 29.6% phosphatidylcholine, 26.7% phos-
4 0.593 phatidylethanolamine, 16.1% phosphatidylserine and phos-5 0.637
6 0.656 phatidylinositol, 19.9% sphingomyelin, and 7.7% undeter-
7 0.650 mined phospholipid (27). The fatty acid composition of each
8 0.638 phospholipid class has also been determined. Based on this
9 0.645 information, a mean molecular weight of 790 can be calculated

for the mast cell phospholipid. Since this calculated value is
centers. This stereological artifact can be corrected by apply- not so different from the 800 generally assumed for the

ing the equation of Elias and Hyde (22)

R = (4/r)r = 1.27r (1)

where R is the true radius and r is the mean profile radius. 2
This calculation yields a mean diameter of 0.79 am for the
average quiescent granule. Examination of the granule profile
frequency distribution curve (Fig. 2) according to the visual
procedure of Hennig and Elias (23) also suggests that the Z
mean diameter of the quiescent granules has a value near 0.63
Am if the maximum granule diameter from Fig. 2 is 1.25 Ir.
This corrected value of 0.79 Mm for the mean diameter of the
quiescent granule is in good agreement with the values of 0.6
Am reported by Uvnas (24) and 0.7 77 um reported by Helander
and Bloom (25) calculated from pooled size distribution of
granule profiles and corrected using the method of Bach (26). A , ,

An accurate estimation of the diameter of a spherical gran- P, (" MO)
ule can also be achieved by determining its true diameter P, 3fromseral sctins.Thismetod limiate th uncrtanty FIo. 3. Phospholipid determination using the procedure of
from serial sections. This method eliminates the uncertainty Vaskovsky et al. (17). The linear standard curve is constructeddue to the artifact introduced when a granule is sectioned from standard inorganic phosphate (0). The 800-nm adsorbance for
away from its equator. By using this procedure we have a series of phospholipid standards, phosphatidylcholine (X) and phos-
determined the diameters of ,50 different granules and calcu- phatidylethanolamine (A) of known concentration is also plotted.
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average molecular weight of phospholipid, we have used this TABLE III
same value for our calculations. Determination of the granule protein content

The results of phospholipid determination on !0 separate The average granule protein content ± S.D. was 0.38 ± 0.07 pg.
granule preparations are shown in Table II. From these data Experiment Protein content

the average phospholipid content of an average granule can . .. pg
be calculated to be 33.08 ± 9.24 X 10 -"s mol. This, based on 1 0.34
an average molecular weight of 800, would yield a value of 2 0.35
0.027 pg of phospholipid for the average quiescent granule. In 3 0.5
terms of the number of phospholipid molecules, this value 4 0.36
corresponds to 19.9 X l0' for an average granule. 5 0.3

6 04
Since the average surface area of a phospholipid molecule ... .. 6 . . 0

in a bilayer is known (28), we can estimate the bilayer surface
area attainable by the granule phospholipid content. A mean granules in granule preparations might have contributed to
surface area of 66 A2 has been determined for phospholipid in the low granule phospholipid content reported earlier (30, 31).
a mixed phospholipid liposome (without cholesterol) in the By using a sensitive phospholipid determination technique we
presence of 0.16 M NaCl (29). Based on this value, the corre- have estimated the phospholipid content of the average secre-
sponding bilayer that can be covered by 19.9 x 10' phospho- tory granule of the quiescent mast cell. The results suggest
lipid molecules (33.08 x 10 - s mol) is equal to 6.57 Am

2 . Since that the average quiescent granule contains sufficient phos-
the surface area of an average quiescent granule equals 1.82 pholipid in its matrix to sustain at least a 3-fold expansion of
JUm2 , this amount corresponds to 3.6 times the area of the its perigranular membrane during activation. This sequestra-
original perigranular membrane. Therefore we can safely con- tion and coalescence of this matrix-stored phospholipid into
clude that the average granule contains enough phospholipid membrane vesicles and their rapid fusion into the perigranular
alone to sustain at least a 3-fold expansion of its perigranular membrane are the basis of the trebling of the perigranular
membrane during activation, membrane surface area reported previously for the activated

Since cholesterol is an important component of membrane, granule (14).
we have carried out a simultaneous determination of total The 3-fold membrane generation potential reported here
granule cholesterol and phospholipid content in a granule should be considered as the lower limit for the following
preparation after the lipid fractions were first separated using reasons. 1) In our phospholipid determination we have as-
a silicic acid column. The results showed that the granule sumed that all of the granules analyzed contained intact
contained about 0.008 pg (or 2.07 x 10-'" mol) of cholesterol perigranular membranes and have not lost their granule con-
and 0.039 pg (or 4.86 x 10-' 7 mol) of phospholipid. This tents. In fact, all of our granule preparations contained some
suggests a phospholipid:cholesterol ratio of about 2.5:1 for the altered granules which were devoid of perigranular mem-
quiescent granule. The 4.86 x 10- 17 mol of phospholipid branes. Their presence might be the result of accidental
obtained here can cover up to 9.67 jUm2 of bilayer. This, when activation during the purification procedure. The normal
compared to the 1.82 jim2 for the mean granule surface area, basal level of mast cell secretory activity could also contribute
would represent a 5.3-fold expansion. to the formation of altered granules. The presence of altered

The protein content of the quiescent granules was also granules could conceivably have lowered our phospholipid
determined using the TNBS procedure. The results of six measurement. 2) We have overestimated the phospholipid
different granule preparations are listed in Table III. From contribution attributed to the original perigranular membrane
those results the average protein content of the quiescent by assuming that the original perigranular membrane was
granule can be calculated to equal 0.38 ± 0.07 pg. This, composed of pure phospholipid. If other membrane compo-
compared with the phospholipid result of 0.027 pg, gives a nents such as cholesterol, glycolipid, and membrane protein
protein:phospholipid ratio of about 14:1 for the quiescent are assumed to be present in the original perigranular mem-
granule. brane, the actual amount of phospholipid present in the

DISCUSSION original granule membrane would have been less than what
we have assumed in our calculation. 3) We have not included

By using membrane-bound granules we have minimized the the contributions of granule glycolipid and cholesterol in our
loss of matrix-bound components during the purification pro- calculation of the granule membrane generation potential.
cedure. The loss of perigranular membrane by hypo-osmotic Although we did not verify the presence of glycolipid, we have
shock and/or the presence of a large population of altered estimated the amount of cholesterol in the granule. When

compared with the concentration of phospholipid, our results
TABLE II suggest that there can be as much as I mol of cholesterol for

Determination of the phospholipid content of the mast cell granule every 2.5 mol of phospholipid present in the granule. Given
The mean content ± S.D. was 3:3.08 ± 9.24 x 10" mol of phos- the fact that the presence of just 10% cholesterol in a bilayer

pholipid/granule. can increase the membrane surface area by as much as 30%
Experiment Granule ) Io) P. content Phospholipid/granule (29, 32), the potential contribution of the granule cholesterol

nm,,l M,,t x 1o' to the granule membrane generation potential would be sub-

1 2.86 95 33.2 stantial.
2 4.26 128 30.1 It should be pointed out that the amount of phospholipid
3 2.02 88 43.6 determined here only represents the mean of a wide popula-
4 4.05 100 24.7 tion of granules. It does not preclude the possibility of a
5 5.10 13(0 25.5
6 2.10 70 33.3 granule-phospholipid concentration difference related to the
7 4.00 159 39.8 chronological age and/or the location of the granule in the
8 1.77 33 18.6 cell. The purpose of the large phospholipid store is to bring
9 1.84 60 :32.6 about the process of de not'o membrane generation which

it) 3.16 156 49.4 enables the activated granule to approach contact with the
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plasma membrane and/or with other granule membranes in Lowry procedure (21) consistently yielded an answer about
order 6,,r fusion and pore formation to occur. Once pore 20'i higher than the TNBS procedure when parallel samples
formation has occurred the remaining unspent phospholipid were tested using both methods. Since at least 15% of the
is exteriorized along with other granule matrix contents. It granule protein is an active chymotrypsin-like protease (36,
should also be pointed out that the process of spontaneous 37). its presence might have complicated the protein results.
membrane assembly can also result in the formation of mem- I lowever, in our analyses the protease should have been
brane vesicles with matrix contents in them (see Fig. 2 in Ref. inactivated during the acidic phospholipid extraction proce-
8 and Fig. 1 in Ref. 91. The fusion of such vesicles with the dure which takes place immediately following granule purifi-
perigranular membrane would re-ult in the extrusion of some cation.
granule matrix contents, including phospholipid, into the The presence of a high concentration of phospholipid in
cytoplasm according to the model in Fig. 4. the secretory granule raises the question about the nature of

From our phospholipid data we can estimate the distribu- its interaction with other granule components such as hista-
tion of the cellular phospholipid in the average quiescent mast mine, which can amount to 15-30 pg for the rat peritoneal
cell. Since the average mast cell contains about 1020 secretory mast cell (3, 24). The matrix of the quiescent mast cell granule
granules (25), the total amount of phospholipid present in the appears very electron-dense and amorphous, but following
granules would equal approximately 27 pg; and since the activation the matrix becomes dispersed and unraveled (14,
average mast cell contains 41.4 pg of phospholipid (27?, the 38, 39). Detergent extraction of the granule revealed a ribbon-
portion of phospholipid found in the secretory granules would like "proteo-heparin" backbone material suggesting the exist-
account for 65.2'; or about two-thirds of the total cellular ence of a basic matrix structure (11). Filamentous matrix
phospholipid. Such a tremendous amount of phospholipid, proteins have also been seen adhering to the surface of the de
which is stored in the secretory granules in nonbilayer form, noco generated vesicles (8), but the nature of their interaction
poses an interesting problem in the mechanism of cellular is not well understood. Since membrane bilayer owes its
phospholipid synthesis and trafficking. The current dogma of existence to the presence of water (the hydrophobic effect
linking phospholipid synthesis to membrane assembly at the (40)), the absence of bilayer in the quiescent granule must
endoplasmic reticulum (10, 33) requires that most, if not all, imply that the granule contains little or no water. This sug-
of the cellular phospholipid exist in bilayer form. With this gests that the phospholipid could conceivably either be bound
in mind, the possibility of an alternative mechanism which to the hydrophobic matrix protein or aggregate in a liquid
permits packaging or transport of phospholipid to secretory crystalline form throughout the granule. Since the granule is
granules must be considered. also known to contain a millimolar concentration of calcium

The E'erage granule protein content of 0.38 pg, determined (41) and has an acidic environment (42), the precipitation of
using the TNBS procedure, agrees reasonably well with the phospholipid and matrix proteins may occur. The binding and
published result of Parekh and Glick (34). When calculated precipitation of granule components might be a design to
for the average mast cell, our value would equal 389 pg, which maintain isotonicity between the densely packed quiescent
is higher than the 330 pg reported by them for the total granule and the cytoplasm. The disruption of this osmotic
cellular protein. However, our result becomes too high when equilibrium during granule activation might contribute to the
compared with the value of 209 pg reported by Diamant and driving force for the influx of cellular water into the granule,
Lowry (35). We cannot explain this discrepancy other than causing the sequestration and coalescence of the granule
pointing out that our TNBS method which measures the phospholipid into vesicles (7, 8).
content of primary amine might have reflected the unusually A specific interaction between histamine and phospholipid
high amount of lysine-cuittaining basic protein in the granules under acidic conditions has been studied using NMR (43).
(24. 36). However, this does not explain why the modified The interaction between phosphatidylserine and histamine is

SI 

FI;. 4. A working model for secretory granule exocytosis. The views from left to right depict the main
stages which a condensed quiescent secretory granule in the cytoplasm can undergo following activation to secrete.
Stage 1 represents the step in which the process of spontaneous membrane assembly occurs. This process results
in the formation of membrane vesicles of various Aizes, some of which may contain matrix components. The rapid
fusion between the newly assembled membrane vesicles and the perigranular membrane results in the release of
some granule matrix contents into the cytoplasm and the rapid enlargement of the perigranular membrane. Shaded
bilaver, reinsertion of newly assembled membrane. Stage II depicts the fusion of the expanding perigranular
membrane with the plasma membrane which results in pore formation. Following pore formation the granule
matrix becomes exposed to the extracellular fluid. With the aid of an ion-exchange mechanism and diffusion, the
granule matrix unravels and disperses.
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ABSTRACT Muscarinic stimulation of fluid secretion by sensitivity of the K' channels is within the appropriate
mammalian salivary acinar cells is associated with a rise in the physiological (agonist-induced) range of [Ca 2'+ ](6, 18-21),
level of intracellular free calcium ([Ca +i) and activation of a (ii) the cellular K' loss is abolished in Ca2 -depleted cells
calcium-sensitive potassium (K+ ) conductance in the basolat- stimulated in Cal' -free medium (22, 23), (iii) the application
eral membrane. To test in the intact cell whether the rise of of Cal + ionophores to acinar cells activates K ' channels and
(Ca 4]1 precedes activation of the K + conductance (as expected causes a loss of cellular K* similar to that caused by agonists
if Cal* is the intracellular messenger mediating this response), (23-26), (iv) the intracellular perfusion of a Ca + chelator
[Ca 2+lj and membrane voltage were measured simultaneously blocks the agonist-stimulated increase in K' conductance
in carbachol-stimulated rat parotid acinar cells by using fura-2 (18, 26, 27), and (v) the intracellular perfusion of inositol
and an intracellular microelectrode. Unexpectedly, the cells trisphosphate activates the K + conductance (28).
hyperpolarize (indicating activation of the K + conductance) One aspect that has not yet been explored, however, is the
before fura-2 detectable [Ca2+ It begins to rise. This occurs even temporal relationship between the agonist-induced rise of
in Caz+-depleted medium where intracellular stores are the tpal re ation bw the ast-induedbrise of
only source of mobilized Ca2 4 . Nevertheless, when the increase [Cad and the activation of the basolateral membrane K
in [Ca was eliminated by loading cells with the Caintracellular

chelator bis(2-amino-5-methylphenoxy)ethane-N,N,N',N'- messenger, one would expect the rise in Ca2 + to precede the
tetraacetate (MezBAPTA) and stimulating in Ca 2+-depleted response that it signals. Recently, a new generation of Ca2 +

medium, membrane hyperpolarization was also eliminated, indicator dyes has made it possible to measure agonist-

indicating that a rise of (Ca2 ] is required for the agonist- induced changes in FCa 2 + I with high temporal resolution in

induced voltage response. Stimulation of Me2BAPTA-loaded single cells (29). In the present study, we examine the
cells in Ca2+-containing medium dramatically accentuates the relationship between the agonist-induced rise of [Ca2 +i

temporal dissociation between the activation of the K con- (measured with the Ca2 *-sensitive fluorescent dye fura-2)
ductance and the rise of [Ca2+]. The data are consistent with and membrane K' conductance (measured simultaneously
the hypothesis that muscarinic stimulation results in a rapid with an intracellular microelectrode) in rat parotid acinar
localized increase in [Ca 2+i at the acinar basolateral mem. cells. The data indicate that a receptor-mobilized store of
brane followed by a somewhat delayed increase in total [Ca 2+ Ii. Ca2 is localized at or near the basolateral membrane.
The localized increase cannot be detected by fura-2 but is
sufficient to open the Ca 2+-sensitive K + channels located in the MATERIALS AND METHODS
basolateral membrane. We concluded that a receptor-
mobilized intracellular store of Ca 2 + is localized at or near the Parotid Acinar Cell Preparation. Parotid acini from Wistar
basolateral membrane. strain rats (euthanized by exsanguination while undergeneral

_ anesthesia) were isolated by collagenase/hyaluronidase di-

Fluid secretion by mammalian exocrine cells, including gestion (30). A light fraction consisting of the pooled super-

salivary acinar cells, is regulated by alterations in plasma nates from three 30-sec centrifugations (400 x g) of this

membrane ion permeabilities (1). Among the earliest events preparation was used in the present studies. This fraction

associated with agonist-induced stimulation of fluid secretion consisted of single cells, doublets, triplets, single acini, and

are a rapid plasma membrane hyperpolarization (1-4) and a small clumps of acini, as well as fragments of ducts. This

dramatic loss of cellular K' (5). Patch-clamp studies have material was suspended in albumin-free medium and plated

identified Ca2 ' - and voltage-sensitive K' channels in salivary onto glass coverslips.

and pancreatic acinar basolateral membranes whose activa- Fura-2 and BAPTA Loading. Cells and aggregates adhering
tion by secretagogues is believed to underlie these effects (6). within 90 sec following plating were loaded with fura-2 (Mo-

tionby ecreagouesis blieed t unerle thse 6). lecular Probes) by incubation in 1.5 1.M fura-2 acetoxymethylAnother early event associated with agonist stimulation is a 2a
rapid rise in the level of intracellular free calcium ([Ca2 1j) (7- ester at 37C for 30 min in 5 ml of normal Ca2 + medium (see

11). As in a wide variety ofother cell types, [Ca 2 I], is thought below). The volume associated with cells that adhered to a

to rise as a result of inositol trisphosphate mobilization of single coverslip was negligible compared to this volume of

intracellular stores (9, 12, 13), as well as enhanced Ca2' influx bathing medium. Based on previous work (7, 8), this incuba-
across the plasma membrane (7, 14-17). A large body of tion resulted in an intracellular fura-2 concentration of 10-20

evidence indicates that the rise of [Ca 2
,i, is directly respon- AM. Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetate

sible for activating the K ' channels in the acinar basolateral
membranes. Specifically, it has been shown that (i) the Ca 2

, Abbreviations: BAPTA. bis(2-aminophenoxy)ethane-N.NN'.N'-
tetraacetate; Me2BAPTA, 5,5'-dimethy-BAPTA; DIC, differential
interference contrast.
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(BAPrAI loading uas accomplished by first loading the cells response time of the newvicon tube is sufficiently fast (50 Hz)
%ith fura-2 as described, then incubating the cells for an to avoid significant lag in the measured response. With regard
additional 90 min in 15 ALM of the permeant acetoxymethyl to this latter point, any lag associated with the newvicon tube
ester of 5,5'-dimethyl-BAPFA (Me.BAPTA: Molecular %.ill affect the amplifier and photomultiplier tube outputs
Probes) under identical conditions. The rationale for this equally. since both are imaged by the newvicon. In many
procedure was based on two observations. First. cells loaded instances, the rapidity of the voltage and [Ca 2>Ji changes
with fura-2 and examined 2 hr later were only s!ightly dimmer observed in response to stimulation caused dual traces of
than cells examined immediately after loading O.K.F.. unpub- each output to appear in the captured video frame, repre-
lished observations). indicating slow dye leakage. Second. the senting the temporal difference (16 msec) in acquisition of
lCa " I* responses of these cells were indistinguishable from each video field. In these cases, the video field displaying the
freshly loaded cells. indicating that most of the dye remained first detectable change was used for analyses. In most
in the cytoplasm as the Ca -- sensitive free acid. Fura-2 was experiments, the transmitted light was shuttered off during
not loaded simultaneously with BAPTA to avoid competition fluorescence measurement to ensure against spectral con-
for cellular esterases by BAPTA, which was at a much higher tamination of the fura-2 signal. The data were analyzed by
concentration than the fura-2. transfer of images from the video disk recorder to an image

Microscopy and Fluorescence and Electrophysiological Mea- processing system (31). Fluorescence ratios (350/380 nm)
surements. [he coverslip was mounted in a chamber and were determined by division of background-subtracted peaks
perfused continuously (bath volume = 50 l: flow rate - 4 of emission at each excitation wavelength determined by
ml/min) with a medium containing 110 mM NaCI. 5.4 mM using interactive software.
KCI, 25 mM NaHCO,. 0.8 mM MgClI. 0.4 mM KH 2PO4. 0.33 When fura-2 fluorescence was monitored during micro-
mM NaH'P0 4.20 mM Hepes. 1.2 mM CaCI,, 11 mM glucose. electrode penetrations in Ca2 medium, most impalements
2 mM glutamine. and 0.01% bovine albumin (pH 7.4) at 37°C resulted in some increase in the 350 nm/380 nm ratio,
in 95c O,/5% CO. on the stage of an inverted microscope indicating that [Ca2 li had risen. This was not observed in
(Zeiss IM35. EGTA (1 mM) replaced the CaCI2, in zero-Ca2 ' cells in zero-Ca 2 ' medium, indicating that the rise in [Cal'* I
medium. Membrane voltage was measured with respect to was the result of Ca2 leaking into the cell around the edge
bath-ground with a glass microelectrode (100-200 Mil, filled of the microelectrode. Successful impalements were less
with 0.5 M KCI/10 mM potassium citrate in HPLC-grade likely in single cells and doublets compared to cells in single
water) coupled to an amplifier (750, World Precision Instru- acini or acinar clumps, as has been observed by others (18).
ments. New Haven, CT). Voltage was recorded on a chart In several cells, it was possible to achieve an impalement in
recorder and displayed on the screen of an oscilloscope. The Ca-' medium with no or little evidence of a rise in [Ca2 Ji. In
microelectrode was positioned and impalements were per- these cells, the early responses of [Ca" ], and membrane
formed with a stepper motor-driven micromanipulator while voltage to stimulation by carbachol were indistinguishable
viewing the cell in differential interference contrast (DIC) from cells stimulated in zero-Ca2  medium.
optics by using a x63 oil-immersion 1.25 numerical aperture Fura-2 Calibration. Fluorescence ratios were converted to
objective lens. The microscope is designed to allow simul- [Ca2 ]i by calibration of a separate group of cells. After
taneous DIC imaging and low-light level fluorescence mea- determination of the control (resting) ratio R, the cells were
surements without the light losses normally associated with perfused with 1.5 1±M ionomycin in a solution containing 140
DIC (31). A video camera viewed the image in DIC optics and mM KCI, 20 mM Hepes, 0.1 mM carbachol, and 5 mM EGTA
relayed its signal to a monitor and to a video mixer. (pH 7.3) at 37'C. When the limiting ratio for the unbound form
Fluorescence excitation was accomplished by placing inter- of fura-2 was determined (Rmin), the perfusate was switched
ference filters (350 and 380 nm; ± 10 nm bandwidth) between to a similar one in which 2.4 mM CaCI2 replaced the EGTA,
each of two xenon arc lamps coupled to a rotating chopper and the limiting ratio of the bound form (Rm.x) was deter-
wheel mounted on a separate table to prevent vibration mined. [Ca 2+i1 was calculated by using the equation [Ca 2*]i
transmission to the microelectrode. A shutter between the = O'Kd[(R - Rmin)/(Rmax - R)]. where Kd (the dissociation
chopper wheel and the microscope limited the duration of constant of the dye) was assumed to be 220 nM and 13 is the
fluorescence excitation to minimize probe photobleaching ratio of fluorescence at 380 nm excitation for fura-2
and photodynamic damage to the cells. The chopper alter- (unbound)/fura-2 (bound) (29). For n = 6 cells, 63 = 7.1 and
nately exposed the cells to 350 nm and 380 nm excitation at Rmax/Rmin = 10. Calculated resting [Cal']. = 46 ± 4 nM. For
60 Hz. Fluorescence emission (500 ± 40 nm) was detected by the purposes of calibrating the cells used in experiments,
a photomultiplier tube coupled to a current-to-voltage con- resting [Ca2 + i was assumed to equal this value, and this value
verter whose output was displayed on the oscilloscope with the derived P and Rma/Rmin values was used to calculate
screen. Stray light was minimized by conducting all experi- [Ca 2>]i during stimulation. For Me2BAPTA-loaded cells, the
ments in red room light. In most experiments, an aperture 350 nm/380 nm ratio was converted to [Ca2 ' ] based on
was placed in an intermediate image plane to collect fluores- similar calibrations of a sepFarate group of Me 2BAPTA-loaded
cence emission only from the cell impaled with the electrode. cells. Average resting [Ca J, in Me2BAPTA-loaded cells was
The oscilloscope was line triggered: thus, the photomultiplier 41 nM. For both groups of cells, the length of time between
tube output appeared as two stationary peaks on the oscil- loading and calibration was comparable to that between
loscope screen: the peaks are a measure of fluorescence loading and experimentation.
emission at 350 and 380 nm excitation, respectively. A
second video camera (newvicon: response time = 20 msec) RESULTS
viewed the oscilloscope screen and relayed its signal to the
video mixer. The DIC image of the cell was inserted into the The muscarinic agonist carbachol typically caused a rapid
image of the oscilloscope screen allowing the simultaneously (112 - 600 msec) hyperpolarization (by 10-50 mV) of rat
determined photomultiplier tube and microelectrode outputs parotid acinar cells in both Ca2 ' and zero-Ca2 (0 mM Ca */1
and the image of the cell to be viewed side-by-side as one mM EGTA) medium (Fig. 1A). Membrane hyperpolarization
video output on a television monitor. This video signal was by muscarinic agonists has been previously observed (2-4)
recorded at 15 Hz on a video disk recorder. This frequency and. as already mentioned, is thought to be mediated by
represents the temporal resolution of these experiments since activation of large-conductance K' channels (6). Simulta-
the response time of the electrode amplifier, photomultiplier neous determinations of [Ca2 ' I and membrane potential in
tube. and oscilloscope are all much faster than this. Also. the rat parotid acinar cells (Fig. 1B) demonstrated that the rapid
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A

10 
20 mV

FIG. 1. Responses of [Ca" ]i and mem-
brane voltage in a rat parotid acinar during

D muscarinic stimulation. (A) Response of
membrane voltage to rapid exposure to I

B mM carbachol in zero-Ca2
+ medium.

Downward deflection indicates membrane
C al 350hyperpolarization. Cells stimulated in

(W) RtoCa-f medium exhibited similar rapid hy-
T perpolarizations but not the subsequent

781 -1.4 . relaxation toward baseline voltage. Rest-
675 2 mV ing membrane potential = -28 mV. peakI voltage = - 78 mV. (B) Same data as in A
577-1.2 _at greater temporal resolution (15 Hz),

200 rnsec along with simultaneously determined
4881- ICa 2 j2 measured with fura-2. Fura-2 350

5 5 mV nm/WS nm excitation ratios have been
406-1.0 cor, erted to [Ca2']i (in nM) according to

3 1calibration procedures described in Male-
330- 1 rials and Methods. Hyperpolarization is

500 msec Cai shown as an upward deflection to facilitate
260-0.8 (M) comparison with the fura-2 signal. (C)

78[1 Same cell as in A and B showing responses195 otC : '°  f membrane voltage and [Ca 2*], to°

1 35-0.6 C second application of 1 mM carbachol -2
COM 0.-sin following removal of carbachol from

78- 0- 25 the first exposure. (D, Same data as in B
with expanded scales. e, lCa2+] 1, mem-

25 0.4 N brane voltage.

agonist-induced membrane hyperpolarization is paralleled by Taken together with previous data (6, 18-28), these results
an equally rapid rise in [Ca 2*+i from =50 nM to -700 nM (tt/2 indicate that a rise in [Ca2 +lj is in fact necessary to activate
< 500 msec). Removal and subsequent reapplication of the basolateral membrane K+ conductance. The blunted re-
agonist a few minutes later elicited comparable responses in sponse of Me2BAPTA-loaded cells (Fig. 2A) is not due to
cells in Ca 2 medium (data not shown), but cells stimulated a nonspecific toxic effects of Me2BAPTA itself (33, 34) since,
second time in zero-Ca2 2 medium exhibited a weak membrane when Me2BAPTA-loaded cells in zero-Ca2+ medium were
hyperpolarzation and only a small associated rise in [Ca>+]i exposed for a brief period to Ca2 medium (3 min) following
(Fig. 1C). Thus, the agonist-induced elevation of [Ca2 ij and stimulation (Fig. 2B), a second application of carbachol in
membrane hyperpolarization parallel each other both tempo- zero-Ca 2> medium elicited a normal rapid hyperpolarization
rally and quantitatively. This suggests that the magnitude and
kinetics of [Ca2+I, determine the magnitude and kinetics of the A
membrane voltage responses, as expected if [Ca2]i is the
intracellular activator of the K + channels. However, close I10 sec
examination of the temporal relationship between [Ca 2

+ 
]i and mV

membrane voltage (Fig. 1D) in cells stimulated in either Ca> -2 5L r-- ' "
or zero-Ca2 ' media revealed that the earliest detectable
change in membrane potential typically preceded the earliest Carbachol
detectable increase in [Ca2 

] by at least 67 msec (range, 0-200 B
msec: mean ± SEM = 80 ± 12 msec n = 23), the resolution -2 80 sec

of our apparatus (see Materials and Methods). This result is
unexpected since a rise of [Ca2>], should precede the hyper- mV[ _-_

polarization if indeed [Ca 2 ,1 is the intracellular messenger -50 _

activating the basolateral K' conductance. C 1.2 mM Cao
One possible explanation for the above result is that Ca2* -20

is not the relevant intracellular messenger. To confirm that a [---se
rise of [Cal 1, is necessary to elicit the agonist-induced m 10 sec
hyperpolarization, cells were loaded with the Ca 2

- chelator I
Me 2BAPTA (Kd = 40 nM) (32) and stimulated in zero-Ca 2> -60L
medium. Under these conditions. the only source of Ca 2  Carbachol
that can be mobilized by carbachol will be intracellular
stores. Provided the cells have been loaded with sufficient FIG. 2. Voltage responses of Me2BAPTA-loaded cell stimulated
Me2BAPTA. stimulation should result in a diminished Ca 2

, in zero-Ca2' medium. A Me2BAPTA-loaded cell was impaled (rapid
response. In 8 of 10 Me 2BAPTA-loaded cells tested, the deflection at beginning of trace) in zero-Ca 2 ' medium. The cell was
agonist-induced increase of [Cal2*, and membrane hyperpo- exposed to 1 mM carbachol (A and C) or 1.2 mM Cal + (B) as

indicated. The traces in A-C are a continuous record. As observedlarization were both abolished (data not shown). In the 2 by others (4). exposure to Ca2' medium in the absence of carbachol
other cells, carbachol elicited slow hyperpolarizations from 2 (B) caused the membrane to hyperpolarize: the ionic basis for this
to 5 mV (Fig. 2A). associated with elevation of [Ca2 ]i by only effect is unknown. It was not associated with a fura-2-detectable rise
-30 nM over several seconds to a minute (data not shown). in lCa2", (data not shown).
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(Fig. 2C). demonstrating that Me 2BAPTA-loaded cells pos-
sess intact signal transduction processes. A

An explanation that reconciles the seemingly contradictory
observations that activation of the K' permeability requires
a rise of [Ca-" 1, and yet precedes that rise is that. during the
earliest times of stimulation, the plasma membrane senses a
region of locally elevated [Ca2 . ]. which precedes the increase
in whole cell [Ca '], measured by fura-2. To explore this T
possibility, we measured the responses of Me2BAPTA- j5 mV
loaded cells stimulated in Ca 2 . medium. Under these condi- 15
tions. in addition to the finite amount of Cal' that can be Ca, 350.380 500 msec
mobilized from intracellular stores, the cytoplasm will have mM) Ratio

access to an essentially infinite extracellular pool of Ca 2 as 138 0 9
a result of the agonist-induced increase in plasma membrane
Ca>" permeability 7. 8. 14-17). If this Ca 2' influx is great •

enough, one would expect the eventual saturation of intra- 62 0 7 ,
cellular Me2BAPTA and a consequent rise in [Ca-" li. Since / °,-
Ca>' influx is at the basolateral membrane, the MeBAPTA 27 - w - - ------

near the basolateral membrane might be expected to saturate 0 5
before the Me2BAPTA in the bulk cytoplasm does. As a
result, one would predict that [Ca" 1, would rise first at the
membrane. followed by a rise in the rest of the cytoplasm.
which would be slowed by the presence of the chelator. Since
the membrane hyperpolarization presumably depends on a 0
rise of [Ca2 ' I, adjacent to the inner surface of the basolateral
membrane, under appropriate Me 2BAPTA loading condi-
tions. the cell should hyperpolarize significantly earlier than
the fura-2-detected rise of [Ca> J,. This is in fact exactly what
is observed. Stimulation of Me 2BAPTA-loaded cells in Ca> B 0

medium resulted in a large membrane hyperpolarization (Fig.
3) lAV - 26 ± 4 mV: n = 9 cells). Particularly striking,
however, was the significant delay between the onset of the MV
hyperpolarization and the earliest rise in [Ca 2'h1 . Generally.
the earliest detectable increase in [Ca 2*]i occurred after the Cd
membrane completely hyperpolarized (Fig. 3A). In some n 350380 0 500 msec
cells (3 out of 9). [Ca' I, began to rise -300-1500 msec after nMi Ratio

the initial hyperpolarization. although the rate and magnitude 138 9
of this increase were considerably diminished compared to 99L
unloaded cells (Fig. 3A). In other cells (4 out of 9). [Ca 2' , F
remained unchanged during the first several seconds follow- 62-0.7
of these cells for which a longer time course was followed. 27 "

[Ca 2' l, eventually rose to higher levels (-300 nM) by 75 sec. 0.0.5
In two remaining cells, the responses of membrane potential
and [Ca> I, were similar to those in unloaded cells. Fi. 3. Responses of lCa2'li and membrane voltage in single

Me2BAPTA-loaded cells stimulated with 1 mM carbachol in Ca -

medium. (A) In some cells. [Ca>]i began to rise -300-1500 msec
DISCUSSION after the initial hyperpolarization. (B) In other cells. [Ca2 i remained

Two possible explanations were given for the observation that unchanged during the first several seconds following the initial
the earliest detectable membrane hyperpolarization following hyperpolarization. c. Membrane voltage; s. [Ca2 ],.
carbachol stimulation of rat parotid acinar cells precedes the 2 ] rises at the membrane before it rises in the bulk cyto-
earliest detectable rise in [Cal' i. The first, that [Ca2 ], is not [Ca
the relevant intracellular messenger. appears highly unlikely, plasm. Implicit in this explanation is the conclusion that fura-2
This is supported by (i) the parallel diminutions of the rise of is unable to detect a highly localized, fast change of [Ca 2 ] at
[Ca 2 ' I, and membrane hyperpolarization during repeat stim- the basolateral membrane in the vicinity of the Ca 2 .activated
ulation of normal cells in zero-Ca2' medium (Fig. 1), (//) the K' channels. This conclusion is supported by experiments in
elimination of both responses in Me2BAPTA-loaded cells which Me2BAPTA-loaded cells were stimulated in Ca2+ me-
stimulated in zero-Ca"2 medium (Fig. 2A) in contrast to the dium. These experiments were expressly designed to produce
ability of Me 2BAPTA-loaded cells to hyperpolarize in Ca 2

4 atransient, local riseofCa2 + at the plasma membrane followed
medium (Fig. 3). and (iii) the ability of the Ca 2 ' ionophore by a more gradual increase in [Ca2 ]1 in the cytoplasm as Ca 2

ionomycin to cause a rapid membrane hyperpolarization influx from the extracellular solution saturated intracellular
similar to that observed with carbachol (data not shown). Me2BAPTA. In these studies, carbachol produced a hyper-
Taken together with results from patch-clamp studies that polarization that considerably preceded any fura-2 detectable
indicate that Ca 2 '-activated K' channels underlie the mem- increase of [Ca2']i. The magnitude of the hyperpolarization
brane hyperpolarization observed in response to carbachol (1). was equivalent to that observed in unloaded cells, indicating
these data provide strong evidence that a rise of [Ca2 1i is that [Ca 2 ] at the inner surface of the basolateral membrane
directly responsible for the activation of these channels and rose sufficiently to activate the K' channels to the extent
the associated membrane hyperpolarization. observed in control cells. However, in most cells the rate of

The second explanation for the temporal relationship hyperpolarization was considerably slowed (compare Fig. 3 A
between the hyperpolarization and the rise of [Ca2 ]1i is that and B with Fig. 1A), which is as expected since Ca2 entering
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the cell by way of the basolateral membrane must first interact sensitive intracellular pool of Ca2 
* in order to explain refilling

with a large pool of Ca2- chelator (Me.,BAPTA) at the inner of that pool following stimulation. Subcellular localization of
surface of the membrane. The observed slow kinetics of Ca2 pools may represent a general mechanism employed by
cytosolic [Ca- I measured with fura-2 are likewise consistent cells to promote agonist-induced increases in [Ca2 +l at
with Ca 2" interacting with a large Ca '-buffer pool throughout spatially discrete intracellular sites.
the cytoplasm. Cell-to-cell variability in the Me2BAPTA-
loading efficiency, as well as in the magnitude of the agonist- This work was supported by the Armed Forces Radiobiology
induced Ca-> influx. would be expected to generate variability Research Institute. Defense Nuclear Agency. under Research Work
in the kinetics of hyperpolarization and [Ca2 hi among these Unit B0156.
cells, as observed.
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ABSTRACT
A, a Ia.s of cellular effector function(.s) often

requires their isolation from other cellular types. Cell
separo tory1 techniques could mask, or select out,
cl ini cal I y impor tant functional lesions. We examined
di fferences in canine peripheral blood neutrophiI
functions, i.e. migration and H202 production, following

tlo commonly used cell separation techniques: isotonic
1.sis or density gradient (Per-col1) centrifugation.
Separation methodology was observed to have a
significant impact on both metabolic and mobility
functions. In compari ison to isotonic 1ysis, Perc.oll
separation caused near 100% increases in random
m i Qrat i on . near 40. decreases in chemotaxis and 70%

increases in H202 production.

INTRODUCTION

Many functional and biochemical studies require
large numbers of purified cells. Investigators have long
sought to develop in vitro minimally manipulative
methodologies allowing suitable cellular separation and
recovery. Numerous new techniques. have evolved some of
which have included; cell sorting, electrophoresis and
various affinity methods. Investigators have also
attempted to make use of cellular density differences.
The application of density separating techniques. has

resulted in three general approaches; (i) neutral
density sedimentation, (ii) discontinuous-gradient, and
(iii) isopycnic-gradient separations. Two of the more
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frequently used separation mediums are Ficoll/Hypaque (a
copolymer of sucrose and epichlorohydrin) and Percoll
(colloidal silica coated with polyvinyl pyrrolidone).
For many investigators Percoll has become the separation
medium of choice because of it's lower viscosity (1),
greater cell yields (2), noncytotoxic character (3,4),
and because it is not actively phagocytized (3). Since
Percoll's inception, many papers making use of its
separation qualities have been published. In this
report, we demonstrate differences in canine neutrophil
effector functions after separation by whole-blood
isotonic lysis or Percoll density gradient methods.

MATERIALS AND METHODS

DoQs: Male and female I ittermates (<2 years old, 10-12
kg Hra beagles) were used. Dogs were quarantined on
arrival and screened for evidence of disease before
being released to experiments. Animals were kenneled in
an AAALAC-accredited facility in runs, and provided
commercial dog chow and tap water ad libitum.

Cell Separation and Isolation: Peripheral blood samples
in preservative-free heparin (10 U/ml) were drawn from
the lateral saphenous vein, centrifuged (400 x g, 10
minutes) to remove plasma, diluted 2-fold in saline
and divided into two aliquots. One aliquot was
isotonically lysed with 0.83% NH4CI (4°C, 5 minutes),
washed in saline and resuspended in saline supplemented
with 0.2"/ heat-inactivated fetal bovine serum (560C, 30
minutes). The second aliquot was layered unto a 60%
(p=1.077)/70% (p=1.080) discontinuous Percoll graoient
and centrifuged (700 x g, 30 minutes, room temperature).
Neutrophils sedimented to the 60%/70% interface whereas
mononuclear cells (i.e., monocytes, lymphocytes)
remained on top of the 60% Per coll. The neutrophil layer
was aspirated from the gradient and washed to remove
adherent Percoll. Contaminating red blood cells in the
Percoll isolate were isotonically lysed as described
above, washed and resuspended in supplemented saline.
On the basis of vital dye exclusion cellular viabilities
were routinely $95%.

Cellular Migration: Neutrophil migration was evaluated
by quantitating cells that migrated through a 10 um-
thick polycarbonate membrane. A 48-well micro-chemotaxis
chamber assembly (Neuro Probe Inc., Bethesda, MD was
used as previously described (5'). Lower wells contained
a 1:100 dilution of chemoattractant (zyrmosam activated
plasma (6)) or buffer. Upper wells contained 50 ul of
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cellular suspension which had been corrected to 2x10e6
neutrophils/mi. Chambers were incubated at 37C in a
humidified environment and gassed with 5% CO? and air
for I hour. Membranes were fixed in 100% methanol for I
minute before being stained with Dif-Quick differential
stain (Fisher Scientific, Silver Spring, MD'. Seven high
power (1OOX) microscopic fields across the diameter of
the well were examined and the mean cellular migration/
field/hour was determined.

Ouantifation of Intracellular H202 Production:
Neutrophil H202 production was assayed as described by
Bass et al (7). Neutrophils (lxlOe6 cells/ml) were
incubated with 5 uM dichlorofluorescein diacetate
(DCFH-DA) for 10 minutes at 370C. DCFH-DA traverses the
cell membrane and is converted by cellular esterases
into intracellularly trapped nonfluorescent DCFH.
Cytosolic H202 endogenously present in resting cells or
produced following activation, oxidizes DCFH to DCF, a
fluorescent analogue. The relative fluorescence
intensity of the cell is, therefore, an indirect measure
of cellular H202 production. Cells were analyzed on a
FACS analyzer (Becton Dickinson, Mountain View, CA).
Green fluorescence was monitored between 515 and 545 nm
after excitation with a mercury arc lamp using a 485/22
nm excitation filter. Cells were stimulated with phorbol
myristate acetate (100 ng/ml, 15 minutes, 370C) and
analyzed. Neutrophils were distinguished from other
cellular types on the basis of coulter volumes(s) and
right angle light scatter properties.

RESULTS

The leukocyte population isolated from peripheral
blood by isotonic lysis was >85% neutrophils based on
differential analysis. The neutrophil population at the
60%/70% Percoll interface was '>95% neutrophils. Less
than 5% of the total neutrophil population remained with
the mononuclear cells above the 60% Percoll layer.

No differences due to sex were apparent within the
parameters examined in this report. Male: compared to
separation by isotonic lysis, random migration of
Percoll separated neutrophils was increased >100%
(Figure 1), H202 production was increased by 79%
(Figure 2), and chemotactic migration decreased by 37%
(Figure 3). Female: Random migration of Percoll
separated neutrophils increased by 95% (Figure 1), H202
production increased b' 66% (Figure 2), and chemotactic
migration (Figure 3) decreased by 43% compared with
cells isolated by whole blood lysis.
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DISCUSSION

Clinically relevant immunological dysfunction(s)
may be the result of subtle cellular alterations.
Unfortunately studies of specific cellular effector
function(s) often require the isolation of the cell(s)
of interest from other contaminating elements, cellular
and otherwise. We demonstrate here that the isolation
method significantly affects the metabolic and motility
effector function(s) of canine neutrophils. Previous
studies have reported that isolation through Ficoll-
metrizoate density gradients altered membrane events so
as to produce an oxidative burst (8). Based on the data
presented here, separation-induced anomalies can be
extended to include metabolic and motility functions as
well. Percoll separation followed by isotonic lysis, in
comparison to lysis alone, increased the basal motility
of neutrophils evidenced by significant increases in
levels of random migration. Previous reports (9,10), in
conjunction with the functional differences reported
here, suggest that cellular anomalies may be inherent to
the manner of separation and must be considered before
making judgements on apparent effector cell
dysfunction(s).

FOOTNOTES

1. Supported by the Armed Forces Radiobiology Research
Institute, Defense Nuclear Agency, under research
work unit 00130. Views presented in this paper are
those of the authors; no endorsement by the Defense
Nuclear Agency has been given or should be inferred.

2. 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 Research, National Research Council.
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IM\PAIRED REPAIR OF UVC-INDUCED DNA DAMAGE
IN L5178Y-R CELLS: SEDIMENTATION STUDIES WITH
THE USE OF 5'-BROMODEOXYURI DINE PHOTOLYSIS
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Abstract~ Re lat ie to their L_5l78Y-S counterparts, L517SY-R cells have an impaired capacitN to form
patches in D)NA after exposure ito UVC radiation. The photolvsis of 5'-broiodcoxvuridine (Brd[Jrd)
incorporated into l)NA \%its used ito estimate the number of *repair patches' formed in response to at
25' 4 nm LA' (1V() exposure. t.5178Y-S cells, typical oif rodent cell lines, formed a small number of
patches in exposed DNA ( 1-2 patches per I x 10t' dalton during at 6 ht recovery after an exposure of
201 J in'). In contrast. DNA extracted from 1-5178Y-R cells exposed to LJV and subsequcntl\
incubated with BrdUrd for 6 It showed no evidence of BrdUrd incorporation indicating no capacity
to form sites of repair (fewer than 0(.5 sites of BrdUrd incorporation per I x 10'" dalton). Moreover,
in L5178Y-R cells high tluences of UVC caused an extensive DNA degradation. Such degradation
was not obsersed in 1-5178Y-S cells during the 24-h post-exposure period. These results are consistent
with the notion that LSI7XSY-R cells have at reduced capacity to repair DNA damage induced by UVC
radiation.-

INTROI)((TION cannot he sensitized to UVC or the cis-platinum
complex by caffeine (Szumiel and Wlodek. 1978:

Mutant mammalian cell lines. selected on the basis Walicka ci cii.. 1978). and LY-R cells suffer a more
of their sensitivities to physical and chemical datnag- prlne itrutonnDN syhssafr
ing agents are cultured and examined in the hopes of epoonged terrupti in Da. sthesismpafter
identtifying those molecular mechanisms associated paper). In the companion paper. Szumniel et ali. show
with cell mutagenesis and cell survival. Two such cell that, when incubated with ara-C. LY-R cells do not
,%trains derised from L,5178Y mouse lymphomna cells accumulate single-strand breaks in response to UVC
originally were designated L517SY-R (resistant) and iraiain
L-5178Y-'S (sensitive) to reflect their sensitivity to) Svraiatof hs ~ srvtosaecossetwt

X-ravs (Alexander and Mikulski. 1961: Beer er a/i.. apoal eeti xiinrpi nteL-
1963 ). L517SY-R (LY-R) and L_5178Y-S (LY-S) cells.aThe epein ecrsibed elowr eine this

cells have since been shown to be inversely cross- cel.Texprmnsdcibdeowxanets

sensitive to X-ravs and to LUVC radiation (Beer et Possibility. Although the excision repair efficiency
tit. 173:Bee t" al. 184;Walckael it. 196Y of rodent cells has been shown to be extensive for

cIn adito to3 Bee ir di. 9 aicka seniiie to76). antigenic sites induced by UVC radiation, measure-

Iaddition tod thra disae sellnsves tosss it ments involving the removal of pyrimidine dimers

radi aio and t -ravs.te stwo ell line DApossss. or the formation of 'patches' containing BrdUrdlt
widearry o chraceritic reate toDNArepir. have shown only a modest repair capacty (Clarkson

For UVC radiation, the mean lethal fluence (1) c i. 93 rok n ashti 97 enc
values atre 3-fold higher for LY-S cells than for ea, 194; Stlok and Regcan. 1967; Szme et.

LY-R cells when the cells are exposed in medium the174 compano pader)arnhi reason wme epected

(Szumiel. 1979) and 8-fold higher when the cells are that courpsudyioul erequiore th thsoe eectdo

exposed in phosphate-buffered saline (Walicka and fewou sity oful repaire andh the us fpoodeairo

Beer. 1979: Jacobson et cii.. 1984). Additionally. e ie frpi n h s fpoogdrpi

UVC radiation produces considerably more mutants Rentlys. Roesen i i.(91 l8)he

in LY-R cells than in LY-S cells (Jacobson ci ali.,. eety oesene l 18,18)hv

l984: Evans et ali., l986a~b). LY-R cells are also improved the sensitivity of the BrdUrd photolysis
mor sesitvetha LYS ell toa is-latnu assay for some forms of DNA damage. The modi-

cmrex (sesie 9.Itrestthgln.LY-S cells toafspIiiu ied assay has been applied in a unique fashion by
comlex(Szmie, 179) Ineretinly.LY- cels Xi-Chang et ali. (1996Y to the study of the UVC

damage. As the experiments described below
involved high fluences of UVC and were aimed

*Correspondence should be addressed to: Dr. Michael at identifying qualitative differences between LY-R
Hlagan. Baylor College of Medicine, One Baylor Plat.a. and LY-S ells, we chose to modify the BrdUrd-
Houston. TX 77030, USA-

tAbbreviaiins: BrdUrd. 5'-bromodeoxyuridinc: dThd.' photolysis techniqtte after the suggestions of Setlow
thymidine; HIU. hydroxvurca; Cys. cystcaminc: ssb. and Regan (1991). including the use of cysteamnine
single-strand break. after Beattie (1972). These modifications have been
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shown it Ii pci niit the iihseritioti of onei repair titc Nio(lM and 11 1 , Brij is deterigent I i upper lai.ei h.id
p)Cr I lip 1.1,1o1011. which was .iit .iicqiiate pre- presotisls been Ilisercd (into a linear ailkalinc tuioose

cision tit nt~sicttto!th itc oitipirlIsot of the graditiciu (1m In preparIflt tfoilltin eO1 OniAiiitig 11 7 l

twoo,:1I 11I, II LUCNOII sing ithc moidifieil-Sj NAassax A .( O 1/Na IVad j,.
two ~ ~ ~ ~ ~ ~ ~ ~ ~ ur~ Ccllt' i lisi~VI'~.*(entrifugation Aas'' performed at 0 C lin S\ i) I

we. tOLund that rvlaitiito, t I N"-S cells. IN -R cells rotlir, ' i. Beckman ultracieenriluiet IDisoiihution ii

cx hi bit *i pro tO1.1 inl ditiIC csl In t he ttr U altli urn radii acit i th rough the gralde il \%5as nIIICsu Lred h)% the

repair paiLchcs, foloi w ing (o~ UV ladi' piter-Orip tcchtique of ('.iii-i ind :Is

A on . ( )tit result,, indlicaite thait LN -RB cells nma\ be Caiiiiti iu/ %iiiti-iiul breiaks [he mecthod for
detrin i ng the n umrni as r~igCd moleen la r weight and

couiiplctcI unabile ito formi such patches. sinizic-trainil breatking tit the D)NA ample has been
detailed elsev. hcre I I again u i!., 19X2) Briel\, the \%eight

\1 x 11 xi \1 S% 11,M %1 I axeS trigcl] mnoleculair weig~ht 'Al detc rin im niIroim the di sItI-

hution tit radiotactit.it\ onl each gradient. and the numblc
11' tik,r IN R m.idi I )t -S L-1 ,%I c' eesillif ti oii 0 i ngle -ranit breaks calculated. tfromnithe i preNii n

I i'.ehcr. titedinin NUplliCItiedL %i ih dmi~iiiiiir lii rse below (hc nuinher tiscri.ed \%eigt wi. estimaited a'.

scrill 0i low loritiries. Sprinititd. \ irgiiia) IMuL I
0l0 IL1riiie I IIN e lls eisit ini J ttUIiiiditied iiniphcre

i) . I indt 9 -. i ti %crc riot nets itilu[Ito i 111i,1 TiiI [ 22
espiteniII~~~\ Irsi l nswr e~iiiclsckso I I)W'. %% here

the: 11,11 -R phiot c io h J-c~tc %%it phtiospe Bee tit number tit tigle-traini b~reaik' per 10' Da,. %1

Id i. 9 . an1d iesC %%Iet per~ldCall'. tesC ill to cn'.itis11 it cwight ieratged inoleCular weight itt the treited ,(arple.

to, 1, %( iidi.11,iii Blin"Iiiiiiteisiriliie. I I)1) , W . SiwN , - %%eight aseragcd molecular %%eight ill the control
roilliliet .iiiiterc. red i completeC ItiUhii In the p~reS- saImple.

cntc qt I - 1) .1 Su-l Uin ideos o,u iii iii I nile r these the ILAV B flueCC nec rspi nsec for irnge -strand tbre aking

cmd~nL.'-R indIA Si L". In011l,1C iicipu Iti u 1,teua was' deternmined o5cr the range 0-241) kJ In'. 1Er these
miii n11t' I BIL1 rd t . va'. dci e rnimc I, acid prccip- expeiriment'. the flue leec re'pi nse approached '.atIi ratII1in

table raidti.icliilit inesurei"nents, pCIi)tlirmei lter atl 120U Li ii vith lurther increatse in 'ingle-a.rand breaking

espislire tit the cells ito I( IBrd1t rd hemnit less than the error oit measuremntn
I)VI c'oriht. D)NA- wasi cxtraeteit h%' tiilliuing a

tmodifiedt \lartr (1961l Iproceiolure. Cills, was~hed with RES1. II'S
phtsph~ite hullerect saline wcre: resuspende~d in ufter con-
taliuit! e I. %/ %*,I' anid 0 1 I tris ( pl I SAO (Clls were
lien Isseut 1hr Ill ititi iii 2', Sarkiss I attnd4. Brit is. M~odificattwn of' the RrdUrd-PhotlvOYis flStiil
dclc'tectt ISicoi ( heminicil Coi.. Si louts. MO). The

%%sie as dtiested it 37 C for 3)) ii in '50) I.g tnt RNA&se The photolysis aissayfrrpie rgosi N
preheated tior 20itrim atl 80)C) anid then clieested tir N it ol the U y or r paired regiAonaining

mitt lin Pronasci (0l 1 iug m# celfidiges.ted) I he li1 idll nov' V raito fDAcnann
cuitcntrtii "wi' then inercasei it) 1.0 Ml Na('l and the lirdUrd both in repaired regions. and in regions
D)\ '\ extriCteu %%ith isoamutl ilcohil-chloruitorm ( I :241 which have undergone semi-conservative synthesis
1,ir 301 mitn at room temperature. the MimxtUre wit' centri- during the time allowed for repair. The photolysis
tu~get t1 2001i) g it, separatte phases the extraction was of BrdUrd in repaired region. sprovides an estimate
repetitd until no material was s isihle at the interface.

I V( 1254 mi) irraiii~n. ('el' suspended in phms- of the number of sites of repair ( Regan et al.,. 1971)
phite-hLItered saine anid distributed lii plastic culture A'. has been observed previously (Setlow and
dishes, were eXPOseut cireeit, to two I5 W geirmicidal lamrp'. Regan, 1981 ). however. photolx'sis Of BrdUrd inceir-
I(etmeril Electric (otnpatnx at atI oflu 0. 19 11m, ias porated through semni-conservative synthesis can
dletermineit wiith in Eppici, thermitpile (Epplev. Stamford.
C on tict iclt anil a Keithlcy (Clec and. O hio) micro- confound the assay of repair sites. This can be a
,imnter. very significant problem in experiments involving

I tI1? 03/3 mi irrati/Iahn. RNA (75 lLg mi I dissolsed lengthy repair periods. In such experiments, Brd-
li I I N huller IIs nmM tnris-IC Wl (pt 8.0I. 11.5 mMV IUrd is not only incorporated in sites of repair but
NaI -I IA. and 25 iii A NA( I wast irrictiated with mono- aloilkeyt bencrrtdin hesad
clirtiutic 11 3 tint light II10 nun hand width) al t a luence aloilieyt b ncrrtdinhesad
rate olf 4)) W in'. I lie railiatioti source consisted (it it I kW oppoisite to that being repaired. The extensive pho-
fI g Xe Litmp 10riel Corp . Stainlurd. Connecticut) Iiltered folysis of that now heavily labeled opposing strand
through X0i tmm column of 1 1) - M) '.l 2'-d-oxyadenosine induces breaks in the strand of interest Iapproixi-
indl Ii cusilo onto a inoieritnator I Kratos. tne. . Ram- rnately one opposite strand break for every 1001

ses. New leuses I Once again. the flux was determined breaks in the heavily labeled strand (H utchinson,
with art Ipplc therttiiopile: atnd Kcithcy fiticrilamimeter.

Rio,'', Ridwibeleil Brdl nI5. C and thvtnt- 1973)1. Further, if the UV13 photolysis involxes
dline 1it ethO lIt iir 5 .- ( 1 were piirchascil friim the chromatin, and either high fluence of UVB tir at
Nesw I tlrtlIj Niicte.ir oipty (Biostion. MA I (ysteam- prioir exposure to UVC, extensive BrdLrd to pro-

ticwi' ~urcasl timtheSttin Cemial('o;1n 1t tein croisslinking results (Smith, 1976. present dlata).
Louis'. %10 i ( an d uiroxi~irca friom the Aldrich ('henmical Teetopicse euti netniebek

I (ttat I Miwatikee WI ThsIw rcse euti netniebek

.Iiipi sii' eradtdi'uti s'ul tini I[he technique down and reduced extractability oif the control
.4 ilkalinc sucrose gtraienit sediimenitation was iltinlei DNA. such ats is seen in Fig. IA. In this figure,

tires iuikI\ lfgati (Iit . 191(2) lit hrief. 51) W. samrples radiolabeled but otherwise untreated cells were
it cxil Nuiisnsis it 2 I)10 cell mlf in phosphate-butf- inuaein10x11M rcrdndpolyd

erei saline: or ill l) iof tNA sus penild in I EIN huller icbtdi .1xIl MBdjdadpooye
were lusrel mit) i iscointitnuoius graitcf with the upper with UVB prioir t(o direct lysis upon alkalitne sucrose
lIjocr owituninu 1)441l V N.i .1.11 A. o)5 ii NaCI. 14.45 M gradients. A miir fraction of the sample. sediment-
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Figure 1. Alkaline sucrose gradient analysis of %hole cell I sates 's extracted DNA. Panel A: LY-R
cells Iaheled oscrnight %ith [I'C]dThd were exposed tor 6 h to BrdLrd (0) and then exposed to 61
U m of UVB radiation (0). Panel B: DNA extracted from cells treated as in panel A was either
sedimented directly (0) or exposed in solution to 06 kJm of UVB radiation ('_)). All sedimentations

were performed at 1.5 x 1)' rad: s

ing near the top of the gradient. could only be of semi-conservative synthesis was increased beyond
released to sediment after extensive proteinase that which would be associated with the repair
treatment. As is shown in Fig. IB, however, this assay. This was accomplished by uniform labeling
situation was improved by extracting the DNA prior of cells (overnight incubation in I'4 C]dThd, 0. 1 pCi/
to UVB photolysis. Here, although the control mi. I x 10 -5 M) and subsequent exposure of the
DNA was reduced in molecular weight, exposure cells to BrdUrd (I x 10 ' M, 6 h). As shown in
to UVB radiation did not reduce the extractability. Fig. 2, when no Cys was added and no attempt was
Unavoidably. the extraction process caused some made to block semiconservative DNA replication
breaking of the DNA. limiting the precision of the during the BrdUrd treatment, an exposure to 60 kJ/
assay. Gentle extraction techniques, however, rou- m2 of UVB radiation induced considerable damage
tinely produced DNA greater than 8 x 10' Da (approximately 2.7 ssb per I x l0' Da in the radio-
MW (weight averaged) resulting in a precision of labeled material). Further, as expected, when
measurement of approximately 0.5 alkali-labile semiconservative DNA synthesis was inhibited by
lesions per I l()' Da (determined with the use of exposure to hydroxyurea (2 mM). breaking was
viral DNAs of known molecular weight). With these reduced. Likewise, breaking was reduced to fewer
conditions of DNA extraction, and in the absence than 1.0 ssb per I x 10' Da after 60 kJ/m " when
of BrdUrd. UVB exposure of 120 kJim2 resulted in the material that had replicated in the presence
no detectable alkali-labile lesions in the control of BrdUrd was exposed to UVB radiation in the
DNA preparations. Determined empirically, the presence of Cys (40 mM).
same exposure induced approximately 1.2 x 101 In subsequent experiments Cys was added before
alkali-labile lesions per 1.1) x 10' Da in DNA heav- the photolysis of the repair assay samples. In the
ily substituted with BrdUrd. experiments to follow, DNA was labeled during a

DNA strand breaking induced by BrdUrd pho- brief (30 min) exposure of cells to [HI]dThd (5 KCi/
tolysis of the opposite strand was also controlled in m(: I x 10' M) followed by incubation in the
our experiments. This phenomenon. believed to be presence of I x 10 ' M BrdUrd for either 6 or 24
caused by radicals generated during the photolytic h.
event. normally can be neglected due to its low
probability (|utchison. 1973: Setlow and Regan. Repair of UVC damnage in LY-R and LY-S cells
1981 ). In the experiments reported below, however.
the long periods allowed for repair and high fluences Using the above described technique. a compari-
of UVB radiation caused these breaks, if uncon- son was made of the capacities of LY-R and LY-S
trolled, to be equivalent to or greater in number cells to repair DNA damage resulting from an
than the repair sites expected. To reduce this con- expsure to UVC radiation. LY-S cells, more resist-
founding effect cysteamine (Cys) was incorporated ant to the lethal effects of UVC radiation than
in the photolysis step (Beattie. 1972). their LY-R counterparts. were exposed to UVC

To examine the efficacy of the addition of Cvs radiation. Irradiation was followed by a 6 h
and the sensitivits of these procedures. the amount exposure to BrdUrd. DNA extraction, and UVB
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VuRDNhc *pLA13jhotol% tic hreaikaige of radiolithelcd LY-_____________________________1
R N:tectfects of Ilahcling! t& opposite strand %%ith ______________________

BrLrd; the effects of HUL presence during rcpitir or
C%, during photols 'is. 1the incdi number iif sshs %as 500
CjlCu1kited as dscIribed in Mlicrials and klcthods; the C
number (if experimnt,1I performcd is sho in in paren- 40-LY.R2
the'cs. As indiCa1Cic in the fIWcr. cells \%ere raidiolabcled 4040 Jim2

either ['or thiris minutes or tncriiight. - 1-R and LY-S 6kh repair
cell, hchas ed identictill Under these condition%.

300-
Table 1. Siniglc-strand breaiks induced h% L' photolysis
in Brd~rd-Iabefcd DNA. determined aftier different recov-

cr periods 200

%umber of singic-strand breaks 1
per I , 10 Dai 100-

Recin er), period (h 0

Cell FIlIUInc 0 0.25 0.50 0.75 1.00
strain 0i ni: 6 24 Relative Distance Sedimented

0~~~~~~~~~~~~~ in' I ;()o8- 14() Fgr .Eaples of1 sedimentato pate rn% for 1) NA
2f1 11 5; 1).54 (6) N 1 isolaied fromn t.-R and [A-S cll, lollo\%ing their

1 - R 40 if6 (i4 (NJ N D cyptisurc toi 1' C radiatlion C fluences indica ted in the
Panels). (ells treated a% indicated in the temt \\ere alimosed

0 Wi~12 (41) 6 h for repair in the presence of lirdt.rd. and thein

1( 3 11,0, f(h) extracted and esposecd ito fi 1 f or 1211 WI in' (0) of LNB
IA-S 4ff 1,( 1) -; -I (h 11.7 'fi.3v. IN) radiation.

*Sinc'le-strand breaks. although apparent. "ere not esti- 4(1 J nn- (Fig. 3B) of II\C raldiatiorn produced.
matcd due to the largec amount of Io%% moilecular %%eight repti '..3 f6nd.9±(.stsofBdr
[^NA obsersed. rset~l.13 06ad19- . ie fBdr

±Sigmnicantl\ dilferent fromt control %alucs at the 9i",,. photoly sis per 1 10 MtI~. In contrast. the mnore
confidenice lcsel. L'\-sensitise I.Y-R cells showed no ineasureable

capacit to formi site,, (of repair at an\ fluetice oit

photol~ sis. Fiach condition oif e~pomure. detailed in UVXC radiation tested 0-401 J1 in- onl% the seditien-
Table ) . %% as repeated front four to eight timnes: tation data at 401 J ni' are shos\ n. Fi'g. )
t pica! result% are presented in Fig. 3. For the niore More striking. ho\%es er. wais the comparison after
LN\-resistant I[A-S cells. it could he calculated from at 24-h repatir period. F~romn the data sho\%nt in Fig.
these datat that flueties of 201 J m' (Fig. 3A I and 4A onle notes that in [A-11 cell,, onl\ 30"' oif the
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Figure 4. Examples of sedimentation patterns for DNA isolated from LY-R and LY-S cells following
their exposure to UVC radiation (fluences indicated in the panels). 'clls treated as described in the
text were allos ed 24 It to recoser in the presence of BrdUrd. (0) no UVB radiation: (0) 120 kJ/m-

of UVB radiation.

labeled material remained at high molecular weight LY-S cells are capable of forming *repair patches'
and could be photolNsed with UVB radiation, in DNA. In LY-R cells, however, this capacity is
Although the DNA at high molecular weight could either considerably reduced or completely absent.
he photolyscd. the majorit, of the sample was The high fluence of UVC employed prevent any
degraded to small molecular weight 1(1.26 0.39) detailed estimate of repair capacities but serve well

H 0" Dal. B contrast, after 24 h of repair following to illustrate the differences between the two cell
an identical exposure to JVC radiation, more than lines.
80",, of the labeled [)NA from I.Y-S cells remained For the purpose of this study we modified the
at high molecular %%eight. The exposure of this DNA BrdUrd-photolysis assay for excision repair (Regan
to IJVB radiation rescaled an additional 1.6 0.2 et al.. 1971: Setlow and Regan, 1981: Ley. 1981).
ssh per I I)' Da. At an exposure of 401 J/m' of Extraction of DNA prior to sedimentation and
LVC radiation again 80",. of the DNA from LY-S addition of ('s to the UVB photolysed mixture
cells remained at high molecular seight and showed allowed us to measure ssb's as a reflection of the
an additional 3.1 - 0.3 ss per I x I0 Pa after repair process. with a standard error of measure-
24 h of repair. ment of approximately 0.5 ssh per I x 10" Da.

These measurements indicated induction of at most

PIS('t S.UA 0.5 ssb per I x IO Da in L.Y-R cells incubated in
the presence of BrdUrd for 6 h after exposure to

The result% presented abo\c indicate that differ- any dose from 5 to 40 kJ/m- of UVC radiation. As
ent responses of I.Y-R and .Y-S cells to UVC such, these data most likely reflect the precision
radiation ma\ be explained b\ different efficiencies (*noise') of the assay (e.g. Fig. 3(). We consider
of DNA repair in the two cell lines. More specili- this result as an indication that LY-R cells have very
call\, our experiments indicate that UVC-irradiated low capacity to excise UVC-modified fragments of
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went measurable photolytic degradation indicating
their ability to form 'repair patches* in UVC-modi- REFERENCF:S

tied DNA. Alexander. P. and Z. B. Mikulski (1961) Mouse lym-
Teonly htltcidcto f'earpth phoma cells with different radiosensitivities. Nature

The hotov ti indcatin of'repir ptch' 110idnhh) 192. 572-573.
formation in L'- R cells wats observed after 24 h of Beattie, K. L. (1972) Breakage of parental DNA strands
recovery and was associated with extensive DNA in Haemjop/itus infiuenzat' hy 313 nm radiation after
degradation (Figs. 4. A and B). This conveys the replication in the presence of 5-bromodcoxyuridine.

clearest disparity between the two cell lines with Rioh 'vis. J. 12. 157:k-1582.
Beer, J. Z.. E. Budzieka. E. Niepokojczxcka. 0. Rosiek.

respect t. recover% from UVC-induced damage. 1. Szumiel and M. Walieka (1983) Loss of tumorigenic-
Examination of the sedimentation data after 24 h i1N with simultaneous changes in radiosensitivity and
of recovery, as in Fig. 4A. shows that the DNA phtotosensitivity during in vitro gro%%th of L_5178'
remaining at high molecular weight was easily pho- murine lymphoma cells. Cancer Re.'. 43. 4736s-4742.

tolved.indiatig a epar ativi% fllown 'UVC Beer, J. Z., E. D. Jacobson. H. II. Evans and 1. Szumiel
tolysed.~~~ ~~~ idctnarearatvtfolwgUV(1984) X-ray and UIV mutagenesis in two 1_5178Y cell

exposure. This repair activitN, however. obv'iously strains differing in tuniorgenicity. radiosensitivity. and
did not lead to reconstitution of fully functional DNA repair. Br. J. Cancer 49. Suppl. VI. 107-111.
DNA. Beer, J. Z_. J. 1'. Lett and P. Alexander (1963) Influence

.More striking, however, was the appearance of of temperature and mtedium on the X-ray% sensitivities
of leukaemia cells iII vitro.eVature 1"9. 10-194.

lows molecular weight DNA in these samples. After Beer. J. Z.. 1. Szumiel and NI. Walicka (1973) C'ross-
either 20 or 401 Pm' of UVC radiation most of the sensitivities to UV-light and X-ravs of two strains of
labeled DNA in LY-R cells wats reduced to at size murine lymphomna L ';178Y cells ine vitro. Studia Binoulo-
approximately equivalent to the interdimer dis- Nica (Berlin) 36/37. 17.5-IS2.

Carrier. W. L. and R. B. Seltm (1971) Paper strip
tance. In sharp contrast, in L.Y-S cells 80-90'%, o method for assaying gradient fractions containing radio-
the DNA remained at high molecular weight. This active macromol1ecules. Antal. Bihe. 43. 427-432.'
behavior is consistent with the notion that in LY-R Clarkson. J. M.. t). L. Mitchell and G. M. Adair (19831
cells either the incision step or a conversion to an The use of an immunological probe to measure the

apyrimidinic site occurs, but at later step in the repair kinetics of DNA repair in normal and UV-sensitive
mammalian cell lines. Mutation Re%. 112. '87-299.

process is faulty and the cells fail to generate high Evans. H. H.. M. F. Horng and J. Z. Beer ( 1986a)
molecular weight DNA. Lethal and mutagenic effects of iridiation and alkNvlting

LY-S cells are at product of spontaneous cons er- agents on two strains of mouse L51I78Y cells, .Alutione

sion occurring during in vitro cultivation of LY-R Res. 161. 91-97.
cell (Ber al. 183) Seera obervtios idi- Evans. H. HI.. M. F. Hornig. J. Mencl. K. 6i. Glazier and
cell (Ber r (t.. 983. Sverl obervtios idi- J. Z. Beer ' 1985) The influence oft dose rate on the

cate that this conversion involves loss of repair lethal and mutagenic effects ol X-rays in proliferating
capacity for damage induced by ionizing radiation t..51I7SNY cells differing in radiation sensitivits. bet. J.
(Beer eci at.. 1973; Korner et (at.. 1977; Evans et l. Radiat. Riot. 47. 553-W6.
1985. l9fta~b). It is interesting that this loss of Evans. 1-. H.. J1. NiencI. NI. F. Ilorng, MI. Ricanati. C.

repar cpactv fr inizng rdiaionindued am- Sanchez and J. Ilozier (1986b) LocusN spCCiliCitV in the
repar cpacty fr inizng rdiaionindued am- mutability of L5il7SN' mouse l1 mphomna cells: The role

age coincides with an apparent gain of both at repair of multilocus lesions. Proc. Vallt/Aed Sot U'SA. 83,
capacity for and] increased cell survival after t.JVC'- 4379-4383.
induced damage. Hag'an. M. P.. R. Matsushi ta. R. Hon ura ;and A. Shoolae

From these results, and those described by Szumiel 1 1982) Alkali labile lesion and uracil-DNA-eLvcosvlasc-
sensitive site removal after Brdtird and U\'B treatiment

ec al. in the companion paper. it appears that [LY of Chinese hamister cells. l'/eotoce/e',. t'hooeee. 35.
R cells have an impaired ability to form the initial 371-377.
nucleoi~tic breaks in UVC-da~maged DNA mol- Hlutchinson. F. (1973) The lesions produced b\ ultraviolet

ecukes. Inability to form such breaks impairs repair lihintN coanng -rtorii.( R.
wkhose complet ion may be inmportaint for the reCOV- Riolplivs. 6. 201l-246,

Jacobson. E. D.. K. Krell, 1Z. ()lempska-licer and J. Z.
ery of the normal reproductive capacity of the cells. Beer (19N4) UV-induced mutagenesis at the hsp-
From the time course oif the repair process and the oxanthinc-guanine phosphoribosyl translerease locus in
recovery of the cells. From the time course of the two L517SY mouse I~niphonia cell strains wsith diflerenit

UV sensitivities. Miain. Re%. 129. 259-267.
repair process and the recovery of DNA synthesis. Korner. L.. M. Walicka. W. Malz and J, Z. Beer (1977)
it appears as though these two phenomena could be DNA repair in two 1_5178Y cell lines %kith different V-
coupled. These observations when combined with ray sensitivities.inldia RioJ/iiaIe (Her/eei) 61. 141-149.
others previously cited. indicate that the LY-R'LY- LcN. R. D). 11981) M1easurement oif gap filling h\ bromo-

S systemn is extremely useful for the comparison of utacil photolysis. In 1)NA4 Repair. A4 Laboorori Manuanel
of Revearch Procedre.% (Edited by B. E. Friedberg :ind

cellular and subeellular mechanisms responsible for P. Hanawalt). pp. 493-498. Dekker. Neus York.
mammalian cell killing and mutagenesis. Marmur. J, and 1). tane 19(111) Straind separation and



DNA repair in [517SY cells $21I

I ti i ibiii IIoIin Micicic [iCidv IoiIcclccI~l xlUd- lBiol. lmeihrc 24.5i1- 72
Vit l'' I ad it t~ SA 46. 453-4o1 SIUmIicl. I And 1), kk Iodck ( 197S) Effcti ol callfcinc on

\1c:\a. R E. 1) 1. \iuard, R R Hlcwiu aind R NI. DNA s~rithcsis in 13178 cells treated %ith an antitumor
I a a phrrc 1 1)"4) l hc fate * I p ruindi nc diicr, in plat fin coinplcN or I. \- ughi. Vuimk aA a 23. 865-871.
(hc 1DNA o1 UlIIr.[it) Ict-irradi atcd Chinese haniter ccI % Szumici. I , 1). Wlodek and K.*J. Johansoni 0 90)
/ /i a /eni P/i a hiol 20. 221I-226 I mpai red repai r of* IV( nd uccd D)NA daiage in

Rccin. I . 1) . R 13 Scilov. and R 1). [.c\ ( 1971 ) Normal L51I78Y-R cells: alkaline uriding strands \ki the usc
.ind dlctcctisc repair of damaged DNA in human cclli of A-B-O.
A Scnii, Ic axsli% atII hng tlic phoioksis oft hrornodcox- Trosko. J. E.. E. [I. Y. (Chu and W. L.. Cairrier (1905 ]'he
\ UridiI PcIro(. Vall At ad Sci t 5.1 68. 7048- 711 induct ion of h mid inechdimc rs in ult raiolct-i rradia lcd

Rocnci.tciri. 1B S_- J I lurph\ and . NI. Ducotc 1 1985) mammalian ccliv. Radita. Resv 24. 667-672.
L sc of a highI% sca.itisc iaa to analvzc: lhc cwcisoo irosko. J. E . arid M. R. Kasschau (117) Siudl\ of
rcpair of dirtier and iioridimicr DNA damage% Iiiduced p~ rimidinc dincrs in marnnaliari cells surviving loth~
iii human , k in fibroblasts h\ 254 iimi and solar ul tra\ iolc I dose% of ultira\ iolcI radiat ion. Phl h/emi. Piolobiol 6.
ramdiaitioni. ( amer Re% 45. 552ti-55311. 21 ;-219.

Riiscnictin. B. S . R, B3. Sctlos% and F. E. Ahmed 19804) Walicka NI. and J. Z. Becr 1 1979) L's-Iighi %cnisitivit\
L Nc oft thc d~ c F locchst 33258 in a moidificatioin of thc and split-cdose effects iii Io strain% or riuriric Icukeia
hronio dco\%u ridi nc phoiol\ ms technique for thc aiialsis L51l78Y cells. lomri re der Otikologite 4. 73-84.
of D)N A rcpai ir P/ri qem.i Pioiohiol. 31. 215-2212 Warickai NI. I Korncr. W. Nlalz and J. Z. Bccr ( 1978)

Scitlim. R B. arid J D). Rcgan ( 19S1 Iflcasurcnicnt of I hc effect of caffeinic on post-rcpiicatiori repair arid
rcpair s~ irhcsis hv photoisis of' hromouraicil. In /)NA sur is al in tmo L.51 78Y cell linc% ss ilh diffcrcent scnlsitis it-
Repair A Laborator 'I Manual of Researc/i Pri edare% ics to LV i rradiaion . Abitta. Re.%. 52. 265-272.
(Editcd h E. C. Fricdhcrg and P. C. Hana~aht). pp. Walika, M. I. SZUMicl and J1. Z. Bccr 11976) 1-5I78Y
30)7-31 Dclsbkkcr. Ntcss York. cel strarins iross-scrisitive to X-ra\ 1 arid IJV-ighl: sinli-

Smith. K. C (1970) Thc radiation induced addition I irrlris and differeccs in rccow rv at thc cellular level.
oft proteinas anrd iolher mnoleculecs to nucleic acids. In In Radiation andi Cellular C onio-ol Prmnt.ie (~ Ed ited lw
P/ioio enimirv ad I'/otohiology' of Nueew-Icti/c Vol. J . K iefcr),. pp. 196-20 4. Springcer, Berlin.
11 (Editcd h S. Y. Wang). p 195. Acadeic Prcss. Xi-Chang. G.. W. F. Moirgan and J. E. (Caver 1 1986)
Nc~ Y~ork. Hfoechst 332i8 d\y.c generatcs DNA-protcin cross-linik,,

Searniicl. I. (1979) Rcsponsc (if two strains (if L-517SN' during ultrayiolci lighl-induccd photolssis ofi
cells to ci-cdichlorrihis-(cv .cloperitlaminc I platinumn (11). hromodcoxyuridinc in replicated and rcpaired D)NA.
I(rossscristji1% to cIv-PAI) and IJV light. O/wnr. Pliomoehei. P'liorobiol. 44. 131-130.



Ph, 7, " d 1, pp '-" , I( ()i6 7 258 88 SO0 10050

Prmfcd i .t br;i,tr Perganon Pre,, phc

S, ipi-uu.t r, J F \ i , and \1 ( SINii( A4USO u Ig MAOIO OwOU V
ftXaaW o0TBTUT11

SR89-7

COMPARATIVE BEHAVIORAL TOXICITY OF FOUR
SULFHYDRYL RADIOPROTECTIVE COMPOUNDS IN

MICE: WR-2721, CYSTEAMINE,
DIETHYLDITHIOCARBAMATE, AND

N-ACETYLCYSTEINE

MICHAEi R. LANDAUER.* HIRSCH D. DAVIS,* JASON A. DOMINITZ*

and JOSEPH F. WEISS'
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A number of sulfhydryl compounds have been shown to protect against ionizing radiation.
One of the most effective radioprotectors is S-2(3-aminopropylaminojethylphosphorothioic acid,
also known as ethiofos. gammaphos, or WR-2721 (Davidson. 1980; Giambarresi and Jacobs,
1987). This drug is currently under clinical investigation for its potential in protecting normal
tissue during radiation treatment and chemotherapy (Blumberg et at., 1982; Glover et al.. 1988;
Yuhas et al.. 1980). d-Mercaptoethylamine (MEA, cysteamine) was for years the standard against
which the effectiveness of other radioprotectors was judged, but is more toxic than WR-2721
(Giambarresi and Jacobs. 1987). Diethyldithiocarbamate (DDC) and N-acetylcysteine (NAC)
are other compounds shown to have radioprotective properties (Milas et al., 1988; Weiss et

al., 1984).
Studies in a variety of animal species have shown significant behavioral toxicity after

administration of WR-2721 (Bogo et al.. 1985: Bogo. 1988. Landauer et al., 1987b, 1988).
Side effects that can be considered detrimental to performance have also been observed during
the clinical evaluation of this drug (Blumberg et al.. 1982; Glover et al., 1988). The purpose
of the present study was to compare the behavioral toxicity and radioprotective qualities of
WR-2721 to three other sulfhydryl compounds.

Adult niale (BALB/c x DBA/2)FI mice, also known as CD2FI mice (Charles River,
Wilmington. MA). weighing 25-36 g served as subjects. They were individually housed in
polycarbonate isolator cages on a 12-hr light -dark cycle with lights on at 0700. Temperature
vsas maintained at 21 ± 10C with 50 + 10% relative humidity. Food and-acidified (pH 2.5
using HCI) water were freely available.

The sulfhydryl compounds evaluated were WR-2721. MEA, DDC, and NAC. Dose-response
determinations were made for each drug: WR-2721 (25-400 mg/kg) MEA (12.5 -200 mg/kg),
DDC (12.5-800 mg/kg). and NAC (125- 1000 mg/kg). The doses selected were based on the
maximum tolerated dose (MTD), defined as the LD10. MTD has previously been used as a basis
for comparing radioprotective compounds (Brown et al., 1982). The highest dose tested was
equivalent to one-half the MTD. There were 8- 16 animals tested at each dose for each drug.
All compounds were administered i.p. in physiological saline (pH 6-8). They were injected
in a volume equivalent to I % of body weight (10 ml/kg) immediately before behavioral evaluation.

Locomotor activity was measured using a computerized Digiscan animal activity monitor
(Omnitech Electronics, Columbus, OH). which recorded horizontal activity (ambulation) and
the number of vertical movements (rearing) by means of infrared photodetectors. The horizontal
and vertical detectors were positioned 1.3 and 6.3 cm, respectively, above the floor of the arena.
Animals were habituated to the testing apparatus for I hr on the day before testing. Locomotor
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MEASUREMENT OF THE RADIOSENSITIVITY OF RAT
MARROW BY FLOW CYTOMETRY
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I. INTRODUCTION

Monoclonal antibodies directed against the three major glycoproteins of rat thymocytes were
found to be useful for identifying hematopoictic stem cells by flow cytometry (McCarthy et
al.. 1985, 1987). These antibodies and their specificities are OX-7. which recognizes a
determinant expressed on the Thy I. 1 membrane glycoprotein: OX-22, which recognizes the
high molecular weight form of the leukocyte common antigen: and W3/13. which identifies
some leukocyte sialoglycoproteins. In previous studies (McCarthy et at.. 1985, 1987: Hale et
al., 1987) it was determined that the rat henatopoictic stern cell (HSC). colony-forming unit-
spleen (CFU-S). and prothymocyte had the phenotype of OX-7 upper 20% positive (OX-7up20%)
and OX-22 -. The number of cells in the marrow with this phenotype was found to be 0.34%
of the total marrow population. This subpopulation could be further divided by three-parameter
immunofluorescent analysis into two further subpopulations, a W3/13 dim and a W3/13 positive
population, each representing approximately 0.17 % of the total marrow cell population. Ongoing
research indicates that the HSC is W3/13 dim (K. F. McCarthy. unpublished). For comparison,
a value of 0.14% for marrow HSC concentration was calculated using the CFU-S assay and
a 24 hr seeding efficiency of 3.2%.

The agreement between the clonogenic CFU-S and phenotypic flow cytometry assays for

determining the size of the HSC compartment led us to attempt to measure the radiosensitivity
of the HSC by flow cytometry. The results of these experiments are compared with the radiation
survival curve generated using the classical CFU-S clonogenic assay for HSCs, which is generally
used when estimating the protective effects of drugs against hematopoictic damage.

2. METHODS

Male. 6-8 week old Lewis rats (Charles River Laboratories, Kingston, New York) were
quarantined on arrival and screened for evidence of disease before being released from quarantine.
They were maintained in an AALAC-accredited facility in plastic microisolator cages on
hardw(d-chip contact bedding. and provided commercial rodent chow, and acidified tap water
ad lihitum. The rats were on a 12 hr light/dark full spectrum lighting cycle with no twilight.
Total-body radiation of 0.5 to 6 Gy at I Gy/min absorbed dose was delivered with an opposing

1Co radiation source. Irradiated rats were given 1.0 mg/ml tetracycline in their drinking water.
The CFU-S assay and the detection and enumeration of HSCs by flow cytometry were performed
as previously described (McCarthy et al., 1987). Rats were euthanized with methoxyfurane and
were cared for according to the principles enunciated in the Guide for the Care and Use of
Laboratorv Animals (Institute of Laboratory Animal Resources. National Research Council).
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3. RESULTS

Figure I shows the relationship bctwecn radiation dose, survival, and regeneration of marrow
granulocytes (OX -7 . OX-22 - W3/ 13'). lymphocytes (OX-7'. OX-22*. W3/ 13-). and HSCs
0OX-7up20 t4(. OX-22 , W3/13 dim) as determined by flow cytometry. All three populations
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decreased in number to a miinium value between da\s I and 2 postirradiation and then began
slo\ 1 increasing in number between da s 2 through 7. Figure 2 show's dose-response curves
plotigl|n the iog '7 surxixal as a function of dose for marrow granulocytes, lymphocytes, and
HSCs 2 d postirradiation. Data indicate that marrow granulocytes are radioresistant. The dose
required to reduce the irradiated femur granulocyte population to 37% of control values was
-60 (.;, marrmk k iphoc.xtes wkere extremel.y radiosensitive (D- = 0.90 Gy). and HSCs

\%ere. In terms of radiosensitivity, intermediate between these two populations (Di- = 2.30 Gy).
The ('FLt-S survixal curxes determined immediatelx following irradiation and 2 d post-

irradiation are plotted in Fig. 3. Interestingly. fever CFU-S were detected in the marrow 2 d
po,,tirradiation than immediatel, follo, ing irradiation. Hendrx 1973) noted a similar phenomenon
in irradiated mice, and this observation ,%as not pursued further. Also shown in Fig. 3, for
comparison. is the surx i, al cur',c tor HSCs as determined b\ tlo- cytometr,, 2 d postirradiation.
Major diterences in the radiation sur, ival curves ot HSCs as measured b, flow cytometry and
the ('FL-S ,,,sa exist and are plotted as a function of dose in Fig. 4. based on the survival
ciurxc I I - C i , e ': and therefore

--/,., II e 1 1) , 1) 1) ,,
A -- t(i. s - '-es

Ihe xalucs for l),,s and ns arc yi\ en in the legend to Fig. 4. These values were derived from
the cures in Fie. 3.

4. I)ISCtSSION

We studied the effect of ioni/ing radiation on three marrow' subpopulations by a phenotypic
.i,,ax hacd on ltuorochronle-conjugatcd monoclonat antibodies and flow cvtonetr. The three
marro , ,ubpopulations . erc bone marromk lymphocytes that are in a state of proliferation in
oung rats, bone marro,, granuloc tes that are nearly terminally differentiated cells and hence

nonproliteratim cells, and HSCs that. although in a Go or nonproliferating state in a normal
hc,.hh,, rat. must undergo etensive proliferation to express their heratopoietic potential in

clnoenic asax,, such as the CFU-S assax.
The interaction of ionizing radiation x, ith the marrow lymphocytes or granulocytes wVas

predictable. The proliferating lvimphocxtes "ere. as expected, extremnely sensitive to radiation.
, hile ,he -erminal Ix differentiated eranuloctes appeared to be radioresistant. In a sense, these
tx o populations scrxed as controls for measurements of the HSC compartment because, depending
on ,khether the phcnot pic (monoclonal antibod flow% ctometr)) assay orthe choogenic (CFU-S)
,s,, xxa,, used. the HS('s could be classified as somew hat radioresistant or extremely
radiosenitixc. Possible explanations for this discrepant, are as follows:
I In the postirradiated state. nonspecific staining of dying and dead marrou, cells ma, lead

to the detection of cells other than HSCs in OX-7up20' ". OX-22 . and W3 13 dim cell
population. At the present time xe cannot gate out dead cells with the vital stains propidium
iodide or fluorescein diacetate because the fluorescence emission spectrum of these two
compounds oerlaps those of ph\ coerxthrin B and fluorescein isothiocyanate. respectively.
Further dcx elhpment of flo. cxtometric techniques \ ill be necessary to solve this problem.

i Another explanation might be that as long as HSCs remain in a nonproliferative or G1 state
fOllhv ing irradiation. the radiation-induced lethal lesion is not expressed. Onl\ when these
damaged HS('s lease G,, and enter cell cycle is this lesion expressed. ultimately leading to
cell death. Blackett 1973) referred to this population of cells as 'doomed' HSCs and
questioned xwhat influence then might have on the triggering of HSCs into cell cycle and
the subsequent regeneration of the postirradiated marrow.

3i A third pos,,ibilit\ is that radiation max alter HSCs in such a fashion that although the\ remain
Sable, they are proliferatiel, restricted, and as such. thex are detected b, the phenotypic
fluorescence actiated cell sorter IFACS) assay but are not detected by, the clonogenic CFU-S
assa%.
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13% sUbtrato.ing the fraction SUr% i% al of clonogenic CFU-S from the fraction survival of HSCs
ats determined bx the lloxx c% tomectrx assay . we can arrive at a rough estimate oif the generation
o! HSCs in the postirradiated rat that are undetectable by the C FU-S elonogenic assay. We will
retier to this population of cells as HSCpR and note that it is probably a heterogeneous population
ot doomed or doing HSCs. proliterativ ely restricted HSCs. and possibly other dead cells that
haixe been mislabeled. Nexertheless. the dose -response relationship is highly curvilinear, with
Optmn1 numbers of HSC,R being generated by a gammna-ray dose of approximately 1 -2 Gy.
A threefOld increase in dose decreased the frequenicy of HSCPR by nearly, an order of magnitude
and it mnax not be coincidental that this H-SC 1,R frequency curxe bears a resemblance to those
describinue the lifetime occurrence of mxieloid leukemia in male CBA mice following whole-body
X-ra\ exposu~re (mote U tit.. 1983 and Fig. 4).

In summnarx . there is sonic evidence that not all radiation-damaged HSCs are rapidly sloughed
off in the immediate postirradiated state. Whether these cells can remain in the marrow long
after irradiation is not knoxkn. Their influence on seeding to the marrow of transplanted HSCs.
their effect on marrmi, regeneration, and their contributions to myeloid leukemia, if any. are
currcntl, beine inxvestigated.

-l~n~oh~i~ni'm~--The authors e'.press iheir appreciation ito Ms Paula lort: for daia entr\ analysis, and construction
olt plots and i0o Mr Pierce Jones III tor expert technical assistance This research ssas supponied hN the Armed Forces
Radiohiolog Research Institute. tDefense Nuclear Aiienc%. under Research Work Unit B30112. The \vicws presented
in ihis paper are those oit ihe authors. No endorsement b\ the tDefense Nuclear Agency has been gisen oir should he inferred.
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1. INTRODUCTION

Currently, protection against radiation exposure depends primarily on physical means such
as shielding and avoidance. However, for individuals who might be required to engage in activities
such as decontamination of fallout areas, clean-up of radiation accidents, or polar spaceflights,
protection of physical means may be inadequate and/or impractical. In these situations, the
availability of agents capable of providing protection against radiation injury would be of benefit.
In addition, agents capable of protecting normal tissues from radiation injury and/or capable
of enhancing the recovery of normal tissues postirradiation would assist patients undergoing
aggressive radiotherapy.

Physiologically, the effects of radiation can be categorized into three syndromes (Walker,
1988). The hemopoietic syndrome occurs following the lowest radiation doses and results from
irreversible damage to bone marrow hemopoietic stem cells. Under normal circumstances, these
stem cells continually proliferate and differentiate to replace mature hematologic and immunologic
cells being constantly lost through attrition. Following the loss of hemopoietic stem cells,
hematologic and immunologic depletion rapidly occurs, and within a few weeks death ensues
as a result of infection, hemorrhage and anemia (Talmage, 1955; Patt and Moloney, 1963;
Taliaferro et al., 1964).

Some substances, when administered prior to irradiation, have been recognized as being
radioprotective specifically in the radiation dose range causing the hemopoietic syndrome. The
best known of these substances is endotoxin (Mefferd et al., 1953; Ainsworth, 1988), but
impressive radioprotection also has been observed with Bacillus Calmette Guerin (BCG) and
Corvnebacteriun parvum. All of these agents have been demonstrated to be potent nonspecific
hemopoietic and immunologic stimuli. Optimal radioprotective effects usually have been observed
with these agents administered 20-24 hr prior to irradiation. Because of this, the radioprotective
mechanisms of these agents are thought to be different from those of traditional 'free-radical
scavenging' sulfhydryl radioprotectors. which are most effective when administered within
minutes of exposure. It has been suggested that the former agents mediate their radioprotective
effects by mechanisms such as increasing the size of the preirradiation stem cell pools,
synchronizing hemopoietic stem cells into less radiosensitive phases of the cell cycle, and/or
by accelerating hemopoictic and immune repopulation from surviving stem cells postirradiation.

Ironically. substances found to be radioprotective specifically in the hemopoietic syndrome
radiation dose range were never designed as radioprotectors (Torrence, 1985). The primary
scientific interest in such agents. commonly referred to as immunomodulators or biological
response modifiers (BRMs). was because of their potential therapeutic application in stimulating
the immune system to fight cancer. Unfortunately. these BRMs also produced a variety of
undesirable side effects, which precluded their use in man (Mansell and Klementz, 1973; Scott,
1974. Ribi, 1984). Over the past several decades (for reasons related to cancer therapy rather
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F I( . 1. Chernical structure of glucan. a polyglycan consisting of 3-1 .3-glucoside linkages.

than radioprotection). a great deal of time, energy and money has been dedicated to the discovery
and/or development of new BRMs that are less toxic yet maintain potent immunomodulatory
activity.

We have evaluated a variety of recently developed BRMs for the ability to enhance hemopoiesis
and survival in irradiated animals (Patchen etal., 1987a). This paper discusses the radioprotective
effects of the BRM glucan. its modes of action. and the possibility of using glucan in combination
with (other agents to further protect and/or enhance recovery from radiation injury.

2. GLUCAN: BACKGROUND AND GENERAL IMMUNOLOGIC AND HEMOPOIETIC
EFFECTS

Glucan (Fig. 1) is a beta-l.3-polyglucose isolated from the inner cell wall of the yeast
Saccharomvces cerevisiae (Hassid et al.. 1941; DiLuzio et al., 1979). Upon injection, glucan
appears to be specifically taken up by macrophages (Gilbert et al., 1977). Monocytes and
macrophages recently have been demonstrated to possess glucan receptors (Czop and Austin,
1985: Abel et at.. 1987), hence, glucan's effects may be receptor-mediated. It has been recognized
for many years that glucan is a potent macrophage activator (Wooles and DiLuzio, 1963, 1964;
DiLuzio et al., 1970). In addition, both primary and secondary immune responses and a variety
of cell-mediated immune responses have been shown to be enhanced following glucan
administration (Wooles and DiLuzio, 1963. DiLuzio, 1967; Cook et al., 1978). These later
effects are suspected of resulting via cytokine-mediated cascades initiated following macrophage
activation. In addition to these immunological effects, glucan also has been shown to dramatically
enhance hemopoiesis at the pluripotent stem cell and committed progenitor cell levels (Patchen
and Lotzova. 1980): Patchen and MacVittie, 1983).

Original glucan preparations were particulate in nature and because of this, glucan's clinical
potential was limited. In recent years. however, soluble glucan preparations have been developed
and have been demonstrated to induce immunologic and hemopoietic effects similar to those
observed with the original participate glucan preparations (Patchen and MacVittie, 1986a,b).

3. GLUCAN-MEDIATED RADIOPROTECTION

Based on the ability to enhance survival in otherwise lethally irradiated mice, both participate
and soluble glucan have been shown to be radioprotective (Patchen, 1983: Patchen and MacVittie,
1986b: Patchen et al.. 1986. 1987b). This effect is dependent on the route of glucan injection,
the glucan dose and the time elapsed between glucan injection and irradiation. Optimal
radioprotection is generally observed with glucan injected intravenously approximately 20 prior
to irradiation (Fig. 2).

In sublethally irradiated mice. it has been demonstrated that glucan accelerates the repopulation
of both pluripotent hcmopoietic stem cells (CFU-s) and committed granulocyte-macrophage (GM-
CFC). pure macrophage (M-CFC). and erythroid (CFU-e. BFU-e) hemopoietic progenitor cells
(Patchen and MacVittie. 1982: Pospisil et al., 1982: Patchen. 1983; Patchen et al., 1984ab).
This has been shown to occur with glucan administered either I day before, I hr before, or
even I hr after irradiation. However - I day glucan injection was generally more effective than
- I hr injection, and - I hr injection generally more effective than + I hr injection.
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Fi(, 2 Sur% i.al-enhancing effects of glucan. C3H"HeN mice were injected with saline, glucose
(75 rm kg. or glucan 175 or 150 mgkg) -20 hr prior to receiving 9.0 G, 'tCo radiation. Data represent

cumulatis e sur.i.al data obtained from 45-61 mice in each treatment group.

I saI i I Ele, t o Gla on Surtival and on Pluripotent Heinopoietic Stem Cell Recovery in Irradiated Mice*

Da',N post Percent CFU-s/femur' CFU-s/spleen
irradiation Surs s.al (percent control) (percent control)

Saline Glucan Saline Glucan Saline Glucan

II 9 6 99 0 0 0 0
13 XIS 95§ 0 0 0 0.51 ± 0.08§
15 4t9 86§ 0 0.15 ± 0.09§ 0.02 ± 0.02 0.68 ± 0.24

is 18 75§ - 0.96 ± 0.16 - 12.94 ± 0.96
2t 0 72§ - 2.56 ± 0.31 - i 20.58 ± 2.06

"C3H HeN mice %%ere injected is% with either saline or particulate glucan (75 mg/kg) -20 hr prior to receiving
9 O G0 'Co radiation.

The number of CFU-s per femur in normal control mice %%as 1655 ± 55.
-The number of CFU-s per spleen in normal control mice was 3315 ± 97.

§Compared to saline control values. p < 0.05.
iToo few sur i ,ing mice to adequatelx evaluate at these time points.

In otherwise lethally irradiated mice. glucan also accelerates CFU-s and GM-CFC "recovery
(Patchen et at.. 1987a.b; Table I). However, at day 21 postirradiation (when all radiation control
mice have died, and after which no glucan-treated mice die), the bone marrow and splenic CFU-s
contents of surviving glucan-treated mice contain only 2.56% and 20.58%, respectively, of the
CFU-s contents observed in normal control mice. Furthermore. no hemopoietic recover is detected
until day 13 postirradiation. This, coupled with the fact that as early as 9 days postirradiation
opportunistic bacterial infections occur less frequently in glucan-treated mice than in radiation
control mice (Patchen et al.. 1986, 1987a.b: Table 2), suggests that glucan-mediated
radioprotection involves mechanisms other than those solely related to hemopoietic regeneration.

Macrophages. which have been shown to be activated following glucan administration, have
also been shown to be some of the most radioresistant of all hemopoietic and immunologic cells
(Gallin and Green. 1987). In addition, these cells play a major role in host defense against
microbial invasion and synthesize and release cytokines capable of stimulating hemopoietic
proliferation and differentiation (Griffin. 1982. Reichard and Filkens. 1984). In light of this.
we suspected that glucan's initial survival-enhancing effects may be macrophage-mediated.
Experiments in which 5'-nucleotidase activity (an ectoenzyme whose activity decreases with
macrophage activation) was used as an indicator of macrophage activation revealed that although
macrophages from both saline-treated and glucan-treated mice become activated within I hr after
irradiation. macrophages from saline-treated mice soon revert to an unactivated state, while those
in glucan-treated mice remain activated for several weeks (Patchen et a!.. 1987b: Fig. 3).
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TAbIIII 2. Effect qf Glucan on Survivcal and on Splenic Bacterial
Translocation in Irradiated Mice *

Da) post- Percent Percent of surviving mice
irradiation survival exhibiting splenic bacterial

translocationt

Saline Glucan Saline Glucan

7 100 100 12.2 *0. 9 10.0 *0. 7
9 100 100 32.2* 1.4 15.8:0.9 T
11 96 99 41.0:t1.8 22.4±*1. 1
13 80 95+ 57.2 :3. 1 10. 1±A0.8 ;
15 49 86. 80.1 :k4.9 6.9±0 .4;
18 18 75 - § 5.7±t0.4
21 0 72; - 4.1±:10.3

*C3H/HeN mice %ere injected i.v. with either saline or particulate glucan
(75 mg/kg, - 20 hr prior to receiving 9.0 Gy f)Co radiation.

.Organism., detected were Proteus niirailis. Escherichia coli and
Staiplitot oci 1. aiireig.%.

ZCompared to saline control values. p < 0.05.
§Too ti%% surviving mice to adequately evaluate at these time points.

C
-100 -"_____________

v. Saline +9.O0Gy

E80 -~ Glucan + 9. 0 Gy

0

0

CL

hr Day Post Irradiation

Fi~ . 3. 5'-Nucleotidase activity in peritoneal macrophages obtained from C311/HeN mice injected i.p.
,Aith either saline or particulate glucan (75 mg/kg) - 20 hr prior to 9.0 Gy 6(Co radiation. Each data
point represents the mean * standard error of values obtained from 3 -4 experiments, each performed
w.ith cells poled from 8- 10 mice. Statistical differences were determined by Student's t-est: * represents

p < 0.05 with respect to control mice.

The role of macrophages in mediating BRM-induced radioprotection is also suggested by
hemopoietic and survival data obtained with a variety of other BRMs. In a comparison of 17
BRMs. agents whose primary target cells included macrophages generally were more capable
of enhancing hemopoiesis in irradiated mice than BRMs whose primary target cells did not include
macrophages (Patchen et al.. 1987a). Furthermore, only BRMs whose primary targ~et cells
included macrophages were capable of enhancing survival in otherwise lethally irradiated mice
(Patchen ei al.. 1987a: Chirigos and Patchen. 1988).

4. RADIOPROTECTIVE COMBINATIONS

We have recently suggested that safer and more effective radioprotection may be achieved
by combining nontoxic doses of several radioprotectors that function via different mechanisms.
Examples of several such combinations are described below.
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Fic. 5. Effects of combined glucan. selenium and WR-2721 administration on survival in irradiated
C3H/HeN mice. Particulate glucan (GP, 75 mg/kg. i.v.). and selenium (Se. 0.8 mg/kg as sodium selenite,
i.p.) were administered - 20 hr prior to irradiation. WR-2721 (WR, 200 mg/kg, i.p.) was administered
- 30 min prior to irradiation. RC = saline-injected, irradiated mice. Data represent cumulative survival

data obtained from 51 -673 mice in each treatment group.

4. 1. BRM-BRM COMBINATIONS

Radioprotective BRM combinations have been created using BRMs that are targeted at different
cell populations. One such example is the use of glucan in combination with 2-cyano-I-
[(2-methoxy-6-methyl-pyridin-3yl)-methyl]-aziridine (BM4I .332). BM41 .332 is not at all radio-
protective when administered alone. However, when combined with a radioprotective dose of
glucan. a synergistic survival enhancement approximately 20% greater than that obtained with
glucan alone is observed (Fig. 4). Synergistic or additive radioprotective effects also have been
obtained recently using combinations of immunomodulating cytokines (Neta et al., 1987).
However, in spite of the fact that BRM - BRM combinations have enhanced survival beyond
that observed with single-agent BRM treatments, the dose reduction factors (DRFs) obtained
with such combinations still have been limited to - 1.2- 1.3. This suggests that BRMs protect
primarily cells comprising the hemopoietic and immune systems.

4.2. BRM - AMINOTHIOL COMBINATIONS

In an attempt to obtain DRFs greater than 1.2- 1.3, BRMs have been combined with other
more generalized radioprotectors. The aminothiol WR-2721 (ethiofos) has been demonstrated
to be one of the most potent radioprotectors available (Brown et al., 1988). When administered
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Fi., 7 Sur\ is al-enhancing effects of po~st irradiation glucan administration combined with preirradiation
\%R 2721 administration~ C3H rHeN mice w~ere injected ip. with WR-2721 (200) mg/kg) - 30 min prior
to irradiation and injected i.\. with soluble glucan (GF. 25t0 mg/kg) - I hr after irradiation. Data represent

cuniulatise surs isal data obtained from 75-621 mice in each treatment group.

shortly before irradiation. WR-2721 protects a variety of tissues from radiation injury, however,
the best effects have been observed in hemopoietic tissues. Unfortunately, the radioprotective
effects of WR-2721I are directly dose-dependent, and WR-2721I doses that produce the best
radioprotection also induce nausea, vomiting and other potentially more dangerous side effects
(Cairnie. 1983): Kligerman et al., 1984). We have attempted to reduce side effects and yet
maintain good radioprotection by administering nontoxic doses of WR-2721I in combination with
BRMs. Figure 5 illustrates the results of survival studies in which glucan and a low dose of
WR-2721I were used. The DRF of 1 .51 obtained with the combination of these two agents is
additive between that obtained with glucan (DRF 1.22) and that obtained with low-dose WR-2721
(DRFIP 133. Itf selenium,. which has been shown to reduce the endogenous toxicity of WR-2721I
(Weiss et ail.. 1987). is also administered - 20 hr prior to irradiation, a DRF of 1.64 is observed
Fig. 5). These studies demonstrate the feasibility of using nontoxic doses of several agents to

additively and/or synergistically produce DRI's greater than 1.2. - 1.3.
Another approach to the use of glucan in combination with WR-2721I has been its administration

postirradiation. This approach is based on our observation that, even when administered
postirradiation. glucan can significantly increase hemopoietic stem cell numbers (Fig. 6). Thus,
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it hssN -dose WR-272 I treatment prevents the destruction ot' e\ven a v erv less hemnopoictic sternl
cells. postirradiation glucan therapy should he capable of stimulating the proliferation of these
cells and result in accelerated hemnopoictic recovery and increased surv ival. Results supporting
this h'..potlicsis and demonstrating synergistic hcmnopoiesis- and survival enhancing effects of
preirradiation lowk-dose WR-272 I treatment combined with postirradiation glucan treatment are
illustrated in Fig. 7 and Table 3. Interestingly, multiple postirradiation glucan injections did
not enhance survival beyond that observed with a single glucan injection given I hr after exposure
(Patchen. unpublished results).

5. GENERAL COMMENTS AND CONCLUSIONS

It is clear that even when used alone glucan can function protectively and/or therapeutically
in radiation-injured host. When used in this manner. 'radioprotective' potential appears to be
limited to DRFs of L.2- 1.3. However. when usedi in combination with even low doses of
traditional aminothiol radioprotectors such as WR-272 1. glucan can additively or synergistically
increase DRFs to I1.5 - 1 .6. Such results suggest that not only better radioprotection but also
reduced toxicity may be obtained by using low-to-modest doses of several radioprotective agents
that act via different mechanisms. Furthermore, based on measurements of motor performance
in mice. glucan even appears to reduce the behavioral toxicity of WR-2721 (Landauer and Patchen.
manuscript in preparation).

Glucan is only one of several macrophage-activating BRMs that have been demonstrated to
be both hemopoietic stimulants and radioprotectors (Patchen et al., 1987a). Numerous other
BRMs remain to be evaluated for these effects, and they may prove to be as good as or better
than glucan as radioprotectors. As more data accumulate, it appears that these agents (alone
or in combination with other agents) are establishing their usefulness in the treatment and/or
prevention of acute radiation injury.

4,4pildciens-The authors gratefully acknowledge Ms. Deborah Shipley and Mr. Brian Solberg ror technical
assistance and Mis Junith Van Dcusen for editorial assistance. This work %as supported hy Armed Forces Radiobiology
Research Institute. Defense Nuclear Agency. under Research Work Unit WK132, Views presented in this paper are those
oft the author,,; no endorsement by the Defense Nuclear Agency has been given or should be inferred. Research was
conducted according to the principles enunciated in the Guide' for the Care and U.%e of 1,aboratorv Animals, prepared
by the Institute of Laborator, Animal Resources. National Research Council.
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PATCHEN, M. L., MACVITTIE, T. I.. AND JACKSON, W. E. Postirradiation Glucan Adminis-
tration Enhances the Radioprotective Effects of WR-2721. Radial. Res. 117, 59-69 (1989).

Based on murine survival studies, endogenous hemopoietic spleen colony formation
(E-CFU). and recovery of bone marrow and splenic granulocyte-macrophage colony-forming
cells (GM-CFC), it was demonstrated that the postirradiation administration of glucan, an im-
munomodulator and hemopoietic stimulant, enhances the radioprotective effects of WR-272 I.
LD0/3o dose reduction factors for mice treated with WR-2721 (200 mg/kg -30 min before
irradiation), glucan (250 mg/kg I I h after irradiation), or both agents were 1.37. 1.08, and 1.52,
respectively. Enhanced survival in mice treated with both agents appeared to be due in part to
glucan's ability to accelerate hemopoietic regeneration from stem cells initially protected from
radiation-induced lethality by WR-272 I. Following a 10-Gy radiation exposure, E-CFU num-
bers in mice treated with saline. WR-272 1, glucan, or both WR-2721 and glucan were 0.05
± 0.03, 6.70 ± 1.05, 0.95 ± 0.24, and 33.90 ± 2.96, respectively. Similarly, bone marrow and
splenic GM-CFC numbers were greater in mice treated with both WR-2721 and glucan than in
mice treated with either agent alone. These results demonstrated at least additive radioprotective
effects when mice were given WR-2721 prior to irradiation and glucan following irradiation.
These effects appeared to depend on the sequential cell protection mediated by WR-2721 and
hemopoietic repopulation mediated by glucan. s 1989 Academic Press. Inc.

INTRODUCTION

The thiol compound WR-2721 [ethiofos, S-2-(3-aminopropylamino) ethylphos-
phorothioic acid] is one of the most effective exogenous radioprotectors available (1-
3). Free radical scavenging, hydrogen atom donation, and induction of hypoxia have
been suggested as mechanisms through which WR-2721 protects cells from radiation-
induced lethality (4, 5). As a survival enhancer, WR-2721 is most effective when
relatively high doses are administered 30 min to 3 h prior to radiation exposure (6).
However, because high doses of WR-2721 cause undesirable and/or toxic side effects
(7, 8), doses that yield large radiation dose reduction factors (DRFs) are also the
most toxic.

Immunomodulators are another class of radioprotectors that can enhance survival
in irradiated animals (3, 9). These agents are also most effective when administered
prior to irradiation. However, the maximum DRFs obtainable with immunomodula-
tors are generally lower than those of thiol compounds. Glucan, a 0- 1,3 polyglucose
isolated from the inner cell wall of the yeast Saccharomyces cerevisiae, is one such
radioprotective immunomodulator (10-12). Although free-radical scavenging may

59 0033-7587/89 $3.00
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play a role in glucan's radioprotective effect (13, 14), glucan mediates its protection

primarily by( 1) enhancing host resistance to life-threatening postirradiation opportu-
nistic infections, and (2) accelerating hemopoietic regeneration (13, 15, 16). Presum-

ably because of these same mechanisms, one form ofglucan (glucan-F)also enhances
survival even when administered after radiation exposure (12).

Because WR-2721 mediates its radioprotective effect by preventing cell death,
whereas glucan mediates its effect by enhancing the reconstitution and/or function of

hemopoietic cell populations, we hypothesized that these two agents might produce

additise or synergistic radioprotective effects. For this particular study, we hypothe-

sized that. by protecting a small population of hemopoietic cells using a low (non-

toxic) dose of WR-272 I. it should be possible to use glucan after irradiation to stimu-

late hemopoietic regeneration and/or function, thus producing better survival than
with either agent alone. This paper discusses hemopoietic and survival data obtained

from studies in which mice were given WR-2721 prior to irradiation and glucan after

irradiation.

MATERIALS AND METHODS

Mice used were VAF/Plus C3H/HeN females (-20 g) purchased from Charles River Laboratories (Ra-
leigh. NC). They were housed 10 per cage in plastic microisolator cages, tested for Pseudomonas contami-
nation, and quarantined until the test results were obtained. Only healthy mice were used in the experi-
ments. They were maintained in an AAALAC-accredited facility in microisolator cages on hardwood chip.
contact bedding. and were provided commercial rodent chow and acidified tap water (pH 2.5) ad libitum.
Animal holding rooms were maintained at 70 ± 2*F with 50 ± 10% relative humidity using at least 10 air
changes per hour of 1009f conditioned fresh air. Mice were also routinely exposed to full-spectrum light
from 6:00 AM to 6:00 PM. but with no twilight.

t! R-2721 and Glucan

Stock WR-2721 was obtained from Dr. David Davidson (Walter Reed Army Institute of Research,
Washington. DC) and kept frozen at -20"C until use. Immediately before each use. WR-2721 was dis-
solved in sterile pyrogen-free saline. Exposure of the material to light was minimized. Approximately 30
min prior to irradiation, mice were intraperitoneally (ip) injected with 200 mg/kg WR-2721 in a volume
of 0.5 ml. This dose has minimal toxic effects in mice (7. 8). WR-2721 control mice received 0.5 ml saline
ip. The glucan used in these studies was a soluble endotoxin-free preparation obtained from Dr. N. R.
DiLuzio (Tulane Universit% School of Medicine, New Orleans. LA). The preparation of this glucan (some-
times referred to as glucan-F) has been described by DiLuzio el al. (17). Approximately I h after irradia-
tion. mice were injected with 250 mg/kg glucan into the lateral tail veins in a volume of 0.5 ml. Glucan
control mice received 0.5 ml saline. Controls for mice receiving both WR-2721 and glucan received both
ip and iv saline injections. However. because no significant differences were observed in the responses of
mice receiving ip. i%. or both ip and iv saline injections, data from all saline-treated mice were pooled.

Irradiation

Mice %,ere placed in ventilated Plexiglas containers and exposed to bilateral total-body y rays at a dose
rate of 0.4 G./min. The AFRRI ""Co source was used for all irradiations. Dosimetr was determined by
ionization chambers as previously described (18). Radiation doses ranged from 7 to 16 Gy.

Srt val, I % sai '

Irridiated mice were returned to the animal facility and treated routinel.: survixal was monitored daily
for 30 davs. Each treatment group within each experiment consisted of 10f-20) mice. Experments were
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repecated 4 -o timles to otiin an "n of at least 40) animals for cachi treatment group at cachi radiation dose.
I hie perc:entage tif miice surs i\ing each radiation dose at 30) days postesxposure %has used to construct a

p)RoIt 111o1 sU r\ Is al curse ctfr eachi treatment group. Probit anal\ ses were performed accordi ng to Finnex
I 00t obtin I D,. I D_.. ;_iand I D-,,.,, \a[lieS. Ithese s alues %%ere used to determine I)RF, (20).

/ J. -", .'H* 5'Id~ ( sl! O in 4 -iK'rile t til thsot

I ridogenous spleen colon%- -brinigunits) (Fl ) wecre esaluated using the method of' ll and McCul-
loch 21'I. Mi ce from the s arious treatment groups wkere exposed to 8. 9. 10. 11, or 12 G\ of total-bod%
radiation to partiall\ oblate e ndogenous hemnopoietic stemn cells. Iwekse dass after irradiation, mice wecre
CLuthani/ed b\ cer% ical dislocation. T heir spleens Aere removed. fised in Bouins solution, and wkeighed.
and grosk% isihie spleen colonies were counted. Each treatment group within each experiment consisted
oft 5- 1i mice. [s\periments were repeated 4-5 times ito obtain an "ii' of' at least 2)) animals for each
treatment group at each radiation dose. Student's ttest wkas used to determine statistical diflkrenees in
I -( IL and spleen \%eight data.

0,11101",. Ifc- Il(/o',htl'c C , 'Oli -./or1itin: f / 'sot

Ileniopoictic progenitor cells committed to granuloe~te and/or macrophage deselopinent wsere assased
h,% Nlac\ ittic's modisication i '.') of the in titrn granuloes~te-macrophage eolon%-form ing cell (G;M-C'F('l
assa\ oirginalls described b\ Bradle\ and iM-etcalf'(23) and Plu/nik and Sachs 1241. Colonies (>SO cells)
\sere counted after I)0 dass incubation in a I'C humidified ensironmern containing S'; CO,. The cell
suspensions used tor these assas s represented the pool of tissues from 3-12 normal, irradiated, or treated
and irradiated mice at each time. Cells were flushed from lcmurs with 3 ml McCo\'s SA, medium contain-
ng 5'. heat-i acti sated fetal bos me serum. Spleens were pressed through a stainless-sieel mesh screen, and

the cells \\ere wNashed Iront the screeni %kith 6 ml medium. rhe total number of nucleated cells in each
Ssspension %%as determined b\ counting the cells on a hemoc~lometer. Data represent mean values ob-
tained fronm three separate esperiments and were anals/ed using Student~si test.

RESt I s

1H1'cc uio/ Ii R-2 '2 /. (ican. or Both .lgetl.v 0on Suirvival of Irrmithld Mtice

"The LD, wi. L, (. and M, 5 ;( values for saline-treated mice wvere 7.211 [7.02.
7.34] G\ . 7.82 [7.74. 7.89] Ci\. and 8.49 [8.38. 8.64] Cv. respectively (Fig. I). As
anticipated. preirradiation administration ofeven the relativelyv low dose of WR-272 I
used in these e~periments significantl\ increased survival co mpared to saline. The
1.1). ii. L.Di5 , jo. and LRti j( values for WR-272 I -treated mice were 8.65 [8.36 8.90]
G\. 10.73 [ 10.57. 10.891 Cx. and 13.30 [12.96. 13.731 G\. In addition. WR-272 I
treatment signiticantl\ altered the slope of the survival curve W) < 0.001 ). This slope
shift reflected the fact that WR-272 I enhanced survival more effkctiv el at high radia-
tion doses than at low radiation doses. Compared to saline. WR-2721 produced
I)RFs of 1.20. 1.37. and 1.57 at the respective 1_15,, Mo i. and LDqi ;( values.
Administration of glucan alone at I h after irradiation also significantly enhanced
surv ival, but to a much lesser degree than did treatment with WR-2721I prior to irradi-
ation. In this instance, the LM5 ;,. Mo () and LD,5i~ , values Were 7.97 [7.76. 8. 10]
G\y. 8.45 [8.36. 8.53] Gy. and 8.96 [8.84. 9.151 G\. respectively. Compared to saline
controls, the DRF obtained with glucan treatment at the LD5 ,;o value was 1.08.
Because glucan treatment did not alter the slope of the survisal curve, this DRF was
observed at all L.D \alues. Combined WR-2721 and glucan treatment yielded a sur-
visal curve parallel to that obtained with WR-2721I treatment. However, as hypothe-
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Fi(i. I. liiects ot WR-272 1. glucan. or both agents on survival in irradiated mice. C3H/HeN mice were
injected with saline. WR-2721 (200 mg/kg ip 30 min prior to irradiation). glucan (250 mg/kg iv I h after
irradiation). or both agents, and sur i' al was monitored for 30 days following exposure to 7-16 Gy of°Co
radiation. Percentage suri i~al at 30 days was probit-plotted against radiation dose and used to determine
lethal dose values and dose reduction factors. Points representing 100 and 017, survival are not represented.
Based on LD,,, ,4, values: Glucan versus saline. P < 0.001: WR-2721 versus saline. P < 0.001: WR-2721
versus glucan. P < 0.001: WR-2721 + glucan versus saline. P < 0.001: WR-2721 + glucan versus WR-
272 1. P < 0(00.

sized. combined treatment enhanced survival significantly more than either WR-
2721 or glucan treatment alone. The LDM/30. LD5o/3 and LD95130 values for combi-
nation-treated mice were 9.60 [9.19. 9.92] Gy, 11.92 [11.70, 12.14] Gy. and 14.80
[14.30. 15.461 Gy. respectively, and resulted in DRFs of 1.33. 1.52, and 1.74. Like
WR-2721 treatment. the combined treatment was more effective at the higher radia-
tion doses. Compared to WR-2721-treated mice. combined WR-2721 and glucan
treatment produced a DRF of I. 11 at all LD values. Because the LDso1,3o DRFs of
glucan-treated mice compared with saline-treated mice (1.08) and the LD51,,3o DRF
of WR-272 I - and glucan-treated mice compared with WR-272 I-treated mice (I. 11)
were nearly equal. glucan appeared to operate independently ofWR-2721 in increas-
ing survival.

/.'a' f. qf "R-2 211. (i/utan, or Boh .- genls on Iemopoievis in Irradiated Mice

1-(FLU .stidies. E-CFU in saline-treated mice ranged from 0.50 ± 0.19 in mice
exposed to 8 Gy toO in mice exposed to I I and 12 Gy (Fig. 2). WR-2721 treatment
significantly increased E-CFU at all radiation doses. ranging from >40.00 (confluent
colon% formation) at 8 Gy to 0.74 ± 0.20 at 12 Gy. Postirradiation glucan treatment
also increased E-CFU in mice exposed to 8. 9, or 10 Gy (6.00 ± 0.90, 1.20 ± 0.31.
and 0.95 t 0.24, respectively). However, in mice exposed to I I and 12 Gy. glucan
had verv little effect: this suggests that glucan is mechanistically dependent on the
presence of stem cells. Combined treatment with WR-2721 and glucan resulted in
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E-CFU numbers greater than those observed in WR-272 I -treated mice. E-CFU in
these mice ranged from >40.00 (confluent colony formation) for mice exposed to 8
and 9 Gy. to 4.85 ± 0.53 for mice exposed to 12 Gy. Further analysis of the effects-on
E-CFU of combined treatment with WR-2721I and glucan was carred out as follows:
Dose-response curves were constructed using data from the current studies and pre-
vious data accumulated in our laboratory from saline- and glucan-treated mice ex-
posed to 5.5-8.0 Gy (Fig. 3). These curves allowed the determination of DRFs for

E-CFU/Spleen SA
40 A.h Gkical

(250mng/kg vLQ
a -30min WR2721

30 (200mg/kg rnp.
aWR2721+ Glucan

20-
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Fic;. 3. E-CFU versus radiation dose survival curves. C3H/HeN mice were injected with saline. WR-
272 1. glucan. or both agents as described for Fig. I. E-CFU were counted 12 days after exposure to 'Co2
radiation doses ranging from 5.5 to 12.0 Gy. E-CFU data for each radiation dose were plotted and used to
construct survival curves. Treatment effects were compared at the ievels of 5 and IOE.CFU/spleen. Glucan
versus saline. P <0.001; WR-272 I versus saline. P < 0.001: WR-2721I versus glucan. P <0.001 (5 E-CFU/
spleen)and P<c 0.01 (10 E-CIFU/spleen): WR-2721 +glucan versussaline, P<0.00:WR-2721 +glucan
versus WR-272 I. P<0.01 (5 E-CFU/spleen) and P<0.001 (10E-CFU/spleen).



04 I'M (I MV %I II Ill. \\I) jV KS()\

140

120i

SPLEEN s
WEIGHT 2

(mg) 6,0

40E
20 .' j

8.0 9.0 10.0 11.0 12.0
RADIATION DOSE (Gy)

Iit. 4 I tlk s (if 'R- 22 J. glucan. or both agent% on splenic "eight in irradiated mnice. (C31/HeN mice
~ere injected %% ;th sal ie.% WR - I . glucan. or both agents as described 6ir ig. I and irradiated as de-

scribed tir I ig. 2. Data represenit the "eights. ol'spleens from %%hich 1:-CFU data illustrated in Fig. 2 %%ere
obtaiined Number of mice esaluated in each treatment group is indicated ahose bars.

I--CIU responses obtained in mice treated with glucan. WVR-272 I. or both agents.
For example. the calculated radiation doses which resulted in an average of' 10
F-CR t per spleen -,ere 5. 16. 7.89. 9.00. and 11l.50 Gy for mice treated with saline,
glucan. WR-272 1. and both agents. respectively. The DRFs resulting from these val-
uies %%ere 1.53 tor glucan. 1.74 f'or WR-272l1. and 2.22 for the combined treatment
with glucan and WR-272 1. The change in splenic weights ofrmce after the various
treatments (Fig. 4) showed a pattern similar to that observed for E-CFIJ (Fig. 2). In
addition, at the 8- and 9-6\i radiation doses, where it was difficult to analyze E-CFU
data because of confluent colon\ tormation. distinict differences between the treat-
menit groups were clear[\ ev ident based on spleen wveight.

Bonem marroit anpd %p/('nWt ce/illaril~l and (;I I-( F( quldw.v. Hem opoict ic -recover,\
in mice treated with WIR-272 1. glucan. or both agents was evaluated further by exam-
ining cellularity and recover\ of GM-(FC in the bone marrow and spleens of irradi-
ated mice. In these, studies, mice were exposed to 9 Gy "Co( (an LDIx,/,,i for saline-
treated mice and an approximate ID,5,,1 . L1_ 1 1 ,31 and LD1~ju for glucan-. WR-
2172 1-. and combination-treated mice, respectivelv). Four. 7. 11. 13. and 18 days later.
temoral and splenic cellularity and GM-CFC content were assayed.

Relative to normal (nonirradiated) mice, bone marrow cellularity in saline-treated
mice was reduced to -6"; at Dav 4 postirradiation and recovered to only 181"; by
D~a\ 13 (Fig. 5;). On Days 4. 7. and I I postexposure. mice that received only glucan
exhibited reduced bone marrow cellularities similar to those observed in saline-
treated mice. However, compared to the - 18" recovery observed in saline-treated
mice at Day 1 3 post irradilation. glucan-treated mice exhibited a -38"; recovery. In
contrast to mice receiving only glucan. mice treated with only WR-2721 exhibited
increased bone marrow cellularity at all times assayed. On Day 4 postexposure,
-33"; or normal bone marrow cellularity was evident: this increased to -7l'1" bx'

D~ay 18 postirradiation. Bone marrow cellularity in mice treated with both WR-2721I
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i(;. 5. Effects of t'WR-272 I. glucan, or both agents on hone marrow cellularit, in irradiated mice. C3H/
HeN mice were injected with saline. WR-272 I. glucan. or both agents as described for Fig. I and exposed
to a 9-G dose of" Co radiation on Day 0. Ver few saline- and glucan-treated mice survived until Day 18
postirradiation. Because of this. sufficient data could not be obtained at this time point for these treatment
groups. Glucan values are significanls greater than saline values on Day 13 (P < 0.05). WR-2721 values
are significantly greater than saline values on Day 4 (P < 0.001), Day 7 (P < 0.OL. Day I I (P < .01).
and Day 13 (P < 0.01). WR-2721 - glucan values are significantly greater than saline values on Day 4 (P
< (O.(K)l I. Da% 7 (P < .X) I). Day I I (' < 0.01 ). and Day 13 (P < 0.01).

and glucan was not significantly different from that observed in mice treated only
with WR-272 I.

Qualitatively. spleen cell recovery was similar to bone marrow recovery in mice
treated with glucan or WR-2721 alone (i.e., compared to saline values, glucan had
very little effect, while there was significantly increased cellularity in the WR-2721-
treated mice: Fig. 6). However. in contrast to the bone marrow response, mice treated
with both WR-2721 and glucan exhibited a splenic cell recovery greater than that of
mice treated with WR-2721 alone. This response was most significant at Days 7, II,
and 13 postirradiation.

In saline-treated and in glucan-treated mice, bone marrow GM-CFC content de-
creased to less than I% normal by Day 4 postirradiation (Fig. 7). Recovery beyond
I% normal was not observed even at Day 13. However, at all times postirradiation,
glucan-treated mice exhibited more GM-CFC per femur than did saline-treated mice.
WR-2721 treatment alone also increased GM-CFC content in comparison to saline-
treated mice. In this instance. GM-CFC content was much greater than that observed
in glucan-treated mice. ranging from - I% normal at Day 4 postexposure to -- 23%
at Day 18. The combination of WR-2721 and glucan increased GM-CFC per femur
even further, ranging from -2% normal at Day 4 postexposure to -73% at Day 18.

Spleen-derived GM-CFC was not detected in either saline- or glucan-treated mice
at any postirradiation time assayed. In contrast, mice treated with only WR-2721
exhibited splenic GM-CFC on Day I I postexposure (< 1% normal): by Day 18, GM-
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FIG. 6. Effects of WR-272 1, glucan, or both agents on splenic cellularity in irradiated mice. C3H/HeN
mice were injected with saline. WR-272 1, glucan, or both agents as described for Fig. I and exposed to a
9-Gy dose of 'Co radiation on Day 0. Very few saline- and glucan-treated mice survived until Day 18
postexposure. Because of this, sufficient data could not be obtained at this time point for these treatment
groups. WR-2721 values are significantly greater than saline values on Day I I (P < 0.02) and Day 13
(P < 0.001). WR-2721 + glucan values are significantly greater than saline values on Day 4 (P < 0.03),
Day 7 (P < 0.008), Day I I (P <0.001), and Day 13 (P < 0.001). WR-2721 + glucan values are significantly
greater than WR-2721 values on Day 7 (P < 0.02), Day I I (P < 0.002), and Day 13 (P < 0.004).

CFC numbers in these mice had recovered to normal values (Fig. 8). Mice treated
with both WR-2721 and glucan exhibited GM-CFC as early as Day 7 postexposure
(<I% normal): by N-'v 18. splenic GM-CFC in these mice had increased to -- 326%
normal.

DISCUSSION

In general, defense against radiation exposure depends on physical means such as
avoidance and shielding (3). However, for activities such as decontamination of fall-
out areas, clean-up of radiation accidents, or polar spaceflight, protection by such
physical means may be inadequate and/or impractical. In these instances, drugs
which can protect against or enhance recovery from radiation injury would be bene-
ficial. In addition, agents that are not toxic and do not induce side effects would be
desirable for situations in which continued mental and physical performance could
be required.

When administered prior to radiation exposure, the thiol compound WR-2721 is
a potent radioprotector that prevents radiation-induced lethality via mechanisms
such as free-radical scavenging, hydrogen atom donation, and hypoxia (4, 5). This
agent, reported to produce DRFs of 2-3, would be extremely beneficial in emergency
situations were it not that WR-2721 doses which effect good protection approach
toxicity levels and are behaviorally debilitating (7, 8). Using a low and relatively non-
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Fiu. 7. Effects of WR-272 1, glucan. or both agents on bone marrow GM-CFC numbers in irradiated
mice. C3H/HeN mice were injected with saline. WR-272 1, glucan, or both agents as described for Fig. I
and exposed to a 9 -Gy dose ofCo radiation on Day 0. Very few saline- and glucan-treated mice survived
until Day 1 8 postexposure. Because of this. sufficient data could not be obtained at this time point for these
treatment groups. Glucan values are significantly greater than saline values on Day 7 (P < 0.04), Day I I
(P < 0.02). and Day 13 (P < 0.04). WR-2721I values are significantly greater than saline values on Day 4
(P < 0.00 1), Day 7 (P < 0.00 1), Day I I (P < 0.00 1), and Day 13 (P < 0.00 1). WR-2721 + glucan values
are significantly greater than saline values on Day 4 (P < 0.001). Day 7 (P < 0.001), Day I I (P < 0.001),
and Day 13 (P < 0.00 1). WR-2721I + glucan values are significantly greater than WR-2721I values on Day
7 (P < 0.04) and Day 18 (P < 0.005).
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Fiu. 8. Effects of WR-272 1. glucan. or both agents on splenic GM-CFC numbers in irradiated mice.
C3H/HeN mice were injected with saline. WR-2721. glucan, or both agents as described for Fig. I and
exposed to a 9-Gy dose of Co radiation on Day 0. No GM-CFC were detected in saline- or glucan-treated
mice at any time point. WR-2721I + glucan values are significantly greater than WR-2721 values on Day
1I (P < 0.002), Day 13 (P <0.00 1), and Day 18 (P < .009).
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toxic dose of WR-272 I, we observed an LD.o, 3o DRF of 1.37 when this agent was
administered - 30 min prior to irradiation (Fig. I). Interestingly, administration of
the immunomodulator glucan - I h after irradiation also resulted in increased sur-
vival. However. glucan's effect was not as dramatic as that ofWR-2721 and produced
an LD), 3(, DRF of only 1.08 (Fig. 1). Further, data presented in this study clearly
indicate that tolerable doses of WR-2721 and glucan can be used in combination to
obtain better survival than with either agent alone. The combination of WR-2721
and glucan resulted in an LD,() DRF of 1.52.

Glucan's "'radioprotective'" effect depends in part on its ability to accelerate the
regeneration of hemopoietic stem cell populations (13. 22). Thus it was not surprising
that. following radiation doses that eradicated all or most hemopoietic stem cells.
glucan treatment alone was ineffective at enhancing survival (Figs. 1-3). On the other
hand. because of WR-272 I's protective chemical mechanisms (4, 5). this agent alone
was capable of reducing radiation-induced hemopoietic cell death (Figs. 2, 3, 7). In
mice receiving both agents. it appeared that both WR-272 I-mediated and glucan-
mediated mechanisms contributed to accelerated hemopoietic reconstitution. Both
the E-CFU (Figs. 2. 3) and GM-CFC (Figs. 7, 8) data presented here suggest that the
accelerated repopulation observed in mice treated with both agents occurred because
the population of stem cells upon which glucan could act was larger. In other words.
the more stem cells that survived the radiation insult as a consequence of the protec-
tive effects of WR-272 i, the faster hemopoietic repopulation occurred because more
cells were present to respond to glucan's stimulatory effects. This suggestion can also
be supported by the fact that if GM-CFC population doubling times are calculated
from data presented in Fig. 7. they are 5.93, 3.74. 3.20, and 2.65 days for mice treated
with saline. glucan. WR-272 1. or both agents, respectively.

These studies have clearly established a potential role for the postirradiation use of
immunomodulators in combination with traditional thiol radioprotectors. Specifi-
cally. they have demonstrated at least additive radioprotective effects when WR-272 I
is used prior to irradiation and glucan is used after irradiation. Such combinations
appear to depend on the sequential thiol-mediated cell protection and immunomo-
dulator-mediated hemopoietic stimulation. They also make it possible to reduce WR-
2721 dosages while maintaining the ability to obtain relatively good DRFs. The possi-
bility of further enhancing the effectiveness of this combination by the addition of
radioprotective agents that act via still different mechanisms is now being explored.
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RABIN. B. M.. W. A. HUNT AND J. LEE. Attenuation and rosN-atttenuiatifn in taste aversion learning in the rat:
Studi,' otith ini:inif radiation. lithium mhluridm' and ethanol. PHARMACOL BIOCHEM BEHAV 31(4) 909-918. 1988.-
The preexposure paradigm was utilized to evaluate the similarity of ionizing radiation, lithium chloride and ethanol as
unconditioned stimuli for the acquisition of a conditioned taste aversion. Three unpaired preexposures to lithium chloride
(3.0 mEq/kg. IP) blocked the acquisition of a taste aversion when a novel sucrose solution was paired with either the
injection of the same dose of lithium chloride or exposure to ionizing radiation (100 rad). Similar pretreatment with
radiation blocked the acquisition of a radiation-induced aversion, but had no effect on taste aversions produced by lithium
chloride (3.0 or 1.5 mEq/kg). Preexposure to ethanol (4 g/kg. PO) disrupted the acquisition of an ethanol-induced taste
aversion, but not radiation- or lithium chloride-induced aversions. In contast. preexposure to either radiation or lithium
chloride attenuated an ethanol-induced taste aversion in intact rats, but not in rats with lesions of the area postrema. The
results are discussed in terms of relationships between these three unconditioned stimuli and in terms of implications of
these results for understanding the nature of the proximal unconditioned stimulus in taste aversion learning.

Conditioned taste aversion Attenuation Cross-attenuation Ionizing radiation Lithium chloride
Ethanol Area postrema

A conditioned taste aversion (CTA) is produced when inges- pairing different toxins in a UCS preexposure paradigm. In
tion of a novel tasting solution is paired with a novel uncon- this design, the subject is exposed to a UCS before it is
ditioned stimulus (UCS). such that the organism will avoid paired with the conditioned stimulus. When this UCS is later
ingestion of that solution at a subsequent presentation. This paired with ingestion of a novel solution, a CTA does not
avoidance behavior can be produced by pairing a novel sac- develop (3, 5, 7). While the mechanisms underlying the UCS
charin or sucrose solution with a wide variety of stimuli. preexposure effect vary depending upon the nature of the
including treatment with lithium chloride (LiCI), ethanol, or drug UCS (2. 4. 6. 7. 10). the previous experience with the
exposure to ionizing radiation (13,33). drug-induced effects disrupts the CTA learning. The attenu-

Rabin and Hunt (25) have proposed that exposure to ation of the CTA may be due to the development of physi-
ionizing radiation or injection of LiCI causes the release of ological tolerance, as with morphine (8, 9, 34), or to the as-
the same endogenous humoral factor which mediates the ac- sociative effects of prior experience with the UCS, as with
quisition of a CTA following treatment with these stimuli. LiCI (2-6. 10). While tolerance produces a broad change in
However, the support for this hypothesis is based, for the the sensitivity of the central nervous system resulting in a
most part. on the indirect evidence provided by the observa- reduced capacity to respond to a variety of stimuli, preexpo-
tion that lesions of the area postrema (AP) disrupt the acqui- sure that does not cause tolerance has a more limited effect
sition of both LiCI- and radiation-induced taste aversions because it is restricted to learned generalization gradients.
(19. 24. 27. 30). The more similar the effects of the unconditioned stimuli, the

A more direct test of this hypothesis may be provided by greater the generalization and the greater the preexposure

'Requests for reprints should he addressed to Bernard M. Rabin. Department of Psychology. University of Maryland Baltimore County,
Baltimore. MD 21228.
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T1he subhi ects is ere male SpragueC-1)awleN -derived rats The first set of experiments i as designed to ev aluatle the
is eighing 30G -4001 &I at the start of the experiment. Rats isere hy pothesis that a similar f'actor mediates the acquisition oif
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M o ' ' 11(the sub jects \N ere 252 maile rats, di% ided into 24 groups of'
TIhe general procedure ias ito place the sub ' ects on at 9-13 rats each. Each tiCS sersed as, both preexposure and
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tioning da% fda 10li. the .-.cre presented %% ith tiso calibrated plished using thermoluminescent detectors I LiF '[I .100CIs)
drinking tithes, one containing tap "sater and the oither coin- and at 3.3-mI Victoreen chamber. The shamn-irradiated rats
taining ii I 0V suterose solution. I mmediate]\ fo )loss ing the %%ere placed in plastic boxes and carried to the souirce, but
31)-mmn drinking period, the rats " ere treated %% ith either the not exposed. Tiso doses ofll A11 srC used. For the preexpo-
UCS that the . rcceii ed di tiing the preexposure phase. \% ith at sure phase, all rats \&ere given 3.0) mfq/kg. IP. On the condi-
second tiCS. or %k ith at control treatment. On the test da tioning day , rats isere given either 3.1)or 1.5 mEq/kg. IPl. The
Idas 121. all rats, isere again given at choice betiseen the tap control animals isere given equis alent volume injections of
%i ter and sucrose soluion., isotonic saline. Ethanol 14 g/kgl is as administered intra-

gastricall\ is ith an infant feeding tube in both preexposuire
0,1a 111/ Nlol and conditioning phases ol'the experiment. Control rats isere

For all experiments, the relatii e intake of '. ater and ai- intubated %A ith an equivalent \solume of' isater.

crose solution "s transt~ornied ito pref'erence score: sit- Rwh
crose intake dii ided hi total fluid intake. A preference score
less than Wi.5l indicates, at greater intake of is ater than sucrose Repeated treatment isith radiation or iCI produced no
and, theref'ore, an aeirsion to the normally pref'erred sucrose ma jor eff'ects on either conditioning day water or sucrose
solution. For statistical analises. the ircsin transformation intake in comparison to the control treatments. Preexposure
is as used ito nornlali/c the distribution of' preference sCores, to LiCI disrupted the acquisition of a CTA to both LiCI and
and initial datut anal~ ses isere done iskith nlixed analyses of ionizing radiation (Fig. 1). For the iCI-induced aversion.
%ariance. Wkhere nccessar\ . comparisons, betiseen relevant the analx sis is ith planned conmparisons showed that there
groups %kere made using planned comparisons is ith the wAere no di'f'erences in sucrose preference between the group
Scheffte test ito correct f'or famil% \A, ise ' pe I error ( I X). preexposed to LiCl and given saline on the conditioning day
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(3 0 mEq kg) (1.5 mEq kg)

I R,~ - I ltc..t. ot lle -it o l,ilIl~l onl the irclnxL11101 Ill radtrort1- Iti 1 1 1-
MdII,..oi I,r-lc o~\ci~wn, I It I-1li,lrrCeld\ ik'jon aceprodIKCk h Itlectuonl oil ith 311

fill L kQ 01 1 111L kg. I I,1,'le -\I'hte . lutiorls .u.. ill Fig. I

L)
E IhamIi F Ihanoi Water Ethanol Water Ethanol Water

.- VI t e, Ethrno, E thanoi LiC I LICI Rad Rad

I IG. I tt0.e 0 t PlC\Po0lIIC to elkuriol l4 g kg. fll I (in the ucqliihon of at CI A produced1 h\
untuiuton ol cthano) ior h), inection ofl LIt 13.01 nif~q kizi or e\posmie to wiill/Iflt tiirion 1(100 R).
\hhte\ I'l Iott, a Iln ig 1.

arid the group pree xpo'sed to IJ anItd givcr en J( oil the SuIll- ected ito rharn irradiation procedures during the pr-ex-
conditioning da\ . H 1.7 -7.I45,', -0.05. Both [jil preexpo- postirc phase of' the ex~periment and irradiated on the condi-
',tre gr()ups, diffe red significantl\ fromn the group gii-cen sidine t oning da\ . 1F( I . 10) 1t1.64. 1) -:0.01.
during the prcexpo),,ure philse and L iCl on the conditioning In contrast. preLX.posureC to radiation hald no effect oin at
da'. . Vi 1-")1 42,3.3 / 0 ,.0t1. (l. produced hx, treatment %Nith either 3.0 or 1. 5 mq,'Kg

For the radiation-i ndrrcd (IA tm~o rg preexposure tol I il ( Fig. 2). Aaxisof the datai Using at three-%%iay anafl~si
I .i I the planned conprisorm indicated that the suerose of airiance %it h one repeated factor sho~ ed that the main
prefecrence of the t\Ao, groups gi~en I .10 during the preexpo- ctfects t'Or the dos~e. F(1.40) -34.14. p- 1)00. and for da%
,,tre phase did not ditier 'rignificaintl% fromn each other. F( 1 .40) 280.99 p. 0.01. \% ere significant . l-lo\Aever, the
1-' 1 .27 4.33. p' -0.05. Both oft these grOLuPs differed signifi- oher~ ation that neither the main effect Four treatment be-
cant f-rm the group gi\en saline inijections during the pre- tmeen the radiation- and shamn-preexposed groups.
e xPosUre phase and e xposred to radiat ion oin the conditioning F( 1 .40) - 1 .14. p -0.05. nor the dose b\ treatmiet.
da.\ . 1 1.27) 1501) 6. p - 1)1M). Ft 1.40) - I1.80, p .0.05. nor- da b\ tr-eatnient. F( 1.401-0.69.

As sho~k n in the first panel oft Fig. 2. pree ~posu re to ionii- p 0.05. interactions, %kcre significant v. ould indicate that
ing radiation precntd the acquisitton of a radiation-induced there "ere no diffec-rnccs in sucrose preferences betw-een the
CTA-. Planned comparisons ',hovked that the t~ o radialtiOn radiation- and 'rharn-pr-exposed groops at either dose lc\ el.
preexpOsUre grOUPS did not differ '.igniticantl\ f-rm each Preexposing the organism to ethanol (4 g. kg. PO ) blocks,
other. Ft !.30) 1.25. p1) 005. in tesmt dii sucrose pref'erence: the acquisit ion of a (VA 'l~los\ ing intubatioti %kith the samne
c en t hough one group "a cr eposed to "radiation oin the con- dose of et hanoi F1ig. 3). The analis %%~ith planned cornpari-
ditioning da\ \Nhuec the other group %%as gio en at shamn expo- Sort- sho~ ed that the group preexpo,,ed to ethanol and i,,i en
sutre. Both of* these groirs did dither fromt the group that '.Nas ethanol on the conditioning da did not ',hoim a significant
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test da decrease ill sucrose preference. F(1,24) -0.03.
p .0. 10. In :ontrast. the controls given , ater intubation dur-
ilg the preexp.'sure phase did shoA a significant decrearse in
sucrose pret., rce on the test daN. H 1.24) 26.04. p- 0.01.

Pree, posing rats to ethanol had no effect on the acquisi-
tion of either a I.iCI- or radiation-induced CTA (Fig. 3). For o0.6 -
the li(I-induced C IA. the analysis of variance showed that .

the main eltfct fir treatment fr the comparison between the (U
ethanol- or \ ater-treated rats \%ias not significant. 0.4
Ft 1.2) 0.20. / -0. 10. , hile the main effect for the compari- 4?
son bet%% e conditioning and test day %kas highly significant.
H 1.20) 306.74. p 0.001. The treatment b. day interaction 0.2
tas not significant. F( I .22) 0.58. p .0. 10. indicating that
the rats dexeloped an l.i(l-induced a\,ersion to the sucrose
regardless of " hether the. received ethanol or v ater during 0
the prcexposuire phase of the experiment. Pre Lil LiCI SAL

Similar result,, \%cre obtained % ith the analysis ot the Gond Water Ethanol Ethanol
radiation-induced (IA. Neither the main effect for treat-
mnrt. H 1. 16) 0.28. p .0. 10. nor the treatment by da+ in- FIG. 4. Ft"ts of preestposure to 1il (3.0 mtqikg) on the acquisi-
teraction. F:- I. 16 0.0)0 . , 1.00. .%as significant. The main tion of cthanol-induced (TA. Abbreviations ais in Fig. 1. Black bars:
effect for da% %,,as significant. F( 1.16) 57.79. 1)  O.001. indi- ( ond: hatched bars: 'est.
cating that pree\posure It ethanol does not attenuate the
development of a ('TA \%hen the rats are subsequently ex-
posed to radiation on the conditioning day.

In contrast, pretreatment with Li'l blocks the acquisition
of an ethanol-induced CTA (Fig. 4). The analysis using
planned comparisons shovxed that there v\ere no significant in ("TA learning with these different stimuli, so that exposure
differences bet,.een the animals pretreated \kith .LiCl and to radiation or LiCI on the conditioning day may be per-
given ethanol on the conditioning day and those given water to itinor iCI on the conditionin da a bepr. _.(. .0t)5.ceived as a novel UCS resulting in the acquisition ofa CTA,
on the conditioning day. H 1I.281 2.02. , -0.05. Ho" ever.
the test da, sucrose preference of these groups of animals despite the prior exposure lo ethanol. Because there is the
ptrdi ,,infnth lnerand give ean o the onditinins possibility that the failure of ethanol preexposure to at-did differ si-nificantl from the prefrence of the animals iLiCl-induced CTA is dose-dependent, some addi-
pretrcated + ith saline and given ethanol on th conditioning tional animals were run using 1.5 mEq LiCI as the condition-

I. 1 ...28 32.0,. 0M. ing day UCS. At this dose, there was also no affect of
I) ,,ethanol preexposure on the LiCI-induced aversion.

These results apparently differ from those of Cannon et
Thesc results onl. partiallx support the original hypoth- (d. (6) who reported that preexposure to ethanol could block

esis that radiation and i.i'l ttili/e a common humoral factor a LiCI-induced ('TA. However. they did not verify that their
to produce CIA learning. The observation of asymmetrical procedure of 4 consecutive daily intubations of 5 g/kg
preexpos ure effects betseer, Li'l and radiation suggests that ethanol did not produce tolerance to ethanol. In contrast to
these tMo stimuli to havi: soime e'Cls in common. How- the present procedures which have been shown not to
ever. the failure of radiaion preexposure to attenuate a produce tolerance, their procedure is very similar to a pro-
1.iCl-induced CiA %otnld indic':ite that picexposure to ioniz- ceduro which has been shown to produce ethanol tolerance
ing radiation did not produce effects ',tfficiently similar to as measured by sleep times (15). Ethanol tolerance, unlike
those produced hN L.i(l it attenuate a ('TA in response to simple preexposure to ethanol, does produce an attenuation
treatment %kith i( 'ilon the conditioning d.q. This failure to of both radiation- and LiCI-induced taste aversions [(15)-,
attenuate an liCI-induced (TA cannot be due It) a general Rabin and Hunt. unpublished observationsl.
inability of the radiation UCS It produce a. preexposure ef- In contrast to the effects of ethanol preexposure on a
feet because preexposure did attentate a radiation-induced L.iCl-induced ('TA. the observation that preexposing rats to
CIA. Also. because attenuation of the Li(l-induced CTA liCl %%ill block the acquisition of an ethanol-induced CTA is
%,as seen ,ith neither the high nor the low dose of I.i(l. it in agreement " ith the results reported by Cannon ct al. (6).
%%ould not seen likely that the failure to observe a cross- and therefore not consistent with the present hypothesis.
attenuation betwcen the radiation preexposure and liCI ['his asymmetrical cross-attenuation between LiCI preexpo-
could he dine to inappropriate doses of either UICS. sure and ethanol-induced CTA learning may derive from the

The result,, \ ith ethanol agree with previous research fact that I.iCl. " hich crosses the blood-brain barrier (21).
showing that precxposure it ethanol %ill block the acquisi- does ha e central effects similar enough to those produced
tion of an ethanol-induced ('TA t6). Thc', are also consistent by ethanol to result in the attenuation of the ethanol-induced
with the hypothesis that different mechanism, are involved (.A fallowing pretreatment \kith I.il.

FACIN6 PAGI

FIG. 5. Samplc phottonicrograrpbs sho, ing the ar.a postrema ( A. airr I and ,i r-p. csent aii c h.',io Mt. arrow i I he lesion inclu ides the area
por.rna and part, ti the dorsal nrle ol the ,,ohurr% iraci.
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I\Nt k1V1 \I -

-\Ithough lc+ion otthe .-Al' ,.ill disrupt the acqhisition ota 0.8
I i n idu, ed ( I \ -2"'.30). if it is the central actions of IJCI

That re responihle for the attenuation o fan ethanol-induced
( I. A h p-ce\po,,ure it) Li(]. then destru :tion of the All
,hould ha'.. no efl'Ct' on the cross-attenuation of the 0 0.6

eth,inol- indu:cd (I.A behause I.iC should still be e\pected
to .ross the hlood-brhain barrier c\en in the absence of the
\P I thc present eitperinent '.as klesigned to e aluate the C

tole of the AP in the litl-induced attenuation ofm ethanol- 0.4
indu,.ced ( I-\ b pr-e,,posin g rat, %%ith All lesions t) IJi('J."

\I, :H,,,0.2

I he tbickt,, .ere 21 rats ,.ith lesions of the AP. [he
beha,, oral methods a.re identical to those detailed ahox.e.
e.cep that onl. t,,o conditions twere run: liCl and saline 0 - - _

pre'treatment groups. Both group,, rcCeived ethanol on the Pre LiCI SAL
.onditioning da. Cond Ethanol Ethanol

[he .u.gic.l procedures hae been detailed in pre,,ious
report 127 -29.l Briefl+,. all rats were anestheti/ed ith
•oiitn pentobairbital (35 mg kg. IPL. lhe AP \as e".posed I.In. 6. Hfec.ts of prinrptsur to lit on the aquisition of an,tiithe a ao , .,ere aaeu',n e. ..a tr, rb ne thanol-ndu,.ccd CIA in rats. x, ith lc,,ion., of the area po,,trcma. Ah-

itt-thermal lesions det using CaUter probe uinder laions as in Vig. I. Black bars: (ond: hatched bar,,: lest.
direct % isual control. Ater surger . the rats w ere given an
inlcltion of bucillin (60.)O0 unit, and allowed to recoer in
their home :ages for a period of 2-4 ,ecks before beginning
eha toral testit. f UCS that does not require the mediation of the AP for the

At the cotcliision ofthe testing. all rats \kcre anesthetized oiia erig
a ith sodium pentobarhital (50 mg) and perfused intra- original learning.
c.ardiall,, %%ith isotonic saline folloved h\ 10; formalin EXPERIMENT
saline. Section,, .kere cut through the brainstem at the level
t the A' ,1it? pm and stained " ith thionin. Represenlative If. as suggested above, the action of specific toxins on AP
,ections from an intact a t and one % ith AP lesions are pre- neurons is sufficient for the attenuation of an ethanol-
,ented in Fig. ,. 1t\amination of t0te histological material induced CTA by LiCI. then preexposure to radiation. which
itldicated that tor the most part the lesions "ere restricted to also involves the AP. should result in a similar attenuation of
the Al. although the% did occasionall% affect the dorsal part, an ethanol-induced C'A in intact rats. but not in rats with
of' the nucleus of the solitar tract, lesions of the AP. The present experiment was designed to

evaluate this hypothesis.
Rth'\ht\

l'retreating rats with AP lesions %kith l.iCI did not affect
conuditioning da, fluid intake relative to rats that w\ere given The first phase of the experiment utilized 18 intact rats
saline iniections. In rats with AP lesions. preexposure to divided into two groups of 9 rats each. The second phase of
Ii does not attenuate the acquisition of an ethanol-induced the experiment utilized 19 rats, all of which had histologi-
t I A (:ig. 6). 1he analysis of variance showed that neither cally verified lesions of the AP and which were divided into
the main effect for treatment. Ft 1.19) -0.01. . / -0. 10. nor the two groups of 10 and 9 rats. The surgical and histological
treatment h% dav interaction. F(I.19)=0.02. p ,0.10. was procedures were identical to those detailed above. In each
significant. [he main effect for day. however. Ft 1.19) phase. the first group of rats was given three preexposures to
IX.4 I. 0.19)1. was significant. indicating that both the IiC*I- ionizing radiation ( 100 rad) while the second group was given
,ind ,aline-prcesposed rats showed identical aversions fol- sham exposures. On the conditioning day, all rats were
low ing conditioning da% intubation with ethanol regardless of treated with ethanol (4 g/kg. PO) immediately following su-
the nature of the preexposure treatment. crose ingestion.

I hese resutlt,, do not support the hypothesis that the For the intact rats. preexposure to ionizing radiation re-
,.loss-ittlenuttion of an ethanol-induced CTA by preexpo- suited in the attenuation of an ethanol-induced CTA com-
sme io I i(' in intact rats is due to the central actions of LiCI. pared to the sham preexposed rats (Fig. 7). The analysis of
Rather. the failure it observe a cross-attenuation in rats wkith variance indicated that the main effect for day.
lesions if the Al' suggests that the AP is somehow involved F(l.16)= 13.16. p-0.01. and the preexposure by day interac-
in this eic..t. Because AP lesions do not disrupt the acquisi- tion. F(I.16)=11.62. p<0.01. were both significant. Al-
lion of an ethanol-induced CTA 1161. the nature of the AP though the main effect for preexposure condition did not
inoltenent in the cross-attenuation of an ethanol-induced achieve significance. F(I.16t= 1.39. ,t>0.10. the significant
(I.A b, I i('I is not certain. It -nay be that the effects of interaction would indicate that the test day sucrose prefer-
treatment with specific toxins on AP neurons is a sufficient ence of the rats preexposed to radiation was different than
condilion for the cross-attenuation ofl a CIA produced by a the preference of the groups given the sham preexposures.
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Intact AP Lesion tdtattOll-indLcCd (4"] A. wOUld be consistent w ith tile hx-
7 T pothesis that the stimulus effects produced b% treatment w ith

O8 I l.i(' colmpass those produccd b\ esposure to radia-
7 tion. [he attenuation of a li('l-inducCd CIA b\ prexposure

- to iCl seems to be primaril\ an assocatis e phenonienon

06 because changing the en% ironmlental conditions het ween the
0to phases of the e\periment disrupts the UCS preexposure

effect (4.10). As such, the cross-attenuation between Iil
a ad diation .,ould seem to require generalization from the

04 i ecl oftihe pretreatment tICS it those of'the conditioning
L'S. The greater the perceis ed siriilaritx of the LI('S effects
b. the organism across the two phases ofthe experiment, the

0 2 greater the degree of cross-attlnualtion. Because the degree
of liCI attenuation of a radiation-induced CTA weas nearI

h- identical to the degree of LiCI attenuation of a liCI-induced

0r Ra Sha (A. the stimulus effects of treatment with li('I must be
Pre Rod Sham Rad Sham erv similar to those of treatment with ionizing radiation.

Cond Ethanol Ethanol Ethanol Ethanol ()ther'ise. sich strong stinulus generalization would not
oCLr and. conequentl ,. cross-atten lation wNould not occur.

I 1(6 - I flc,:t, t picc li't t .o lonling ltdiatio n th,.' a,hc uijtii - (on ersely. the failure to observe cross-attenuation of a
n ion of n , th ol-inldtic'd ( I I in ilrte rat, fin in) M, \k.ith lesion, liI-induced CTA bx preexposure to radiation wNould
o h t-c. pttsrcmn, .\hhrc% ition, .t, in I-ig I. Black hars,: (ond: suggest that the stimulus effects which result from exposing
hatohcd bar, Ict an organism to ionizing radiation are not similar enough to

those produced b\ LiCI for generalization and cross-
attenuation to occur. It may be that treating an organism
with LiCl. which crosses the blood-brain barrier (21).

In contrast. pree\posing rats ksith lesions of the AP to produces a series of changes in neural functioning which are
radiation had no etfect on an ethanol-induced (TA (Fig. 7). not produced by exposure to ionizing radiation at the dose
[he anal ,is of variance showed that neither the main effect levels used in the present experiment (28). Thus. for exam-
for prcexposure. H= 1. 1-) 0I. 17. / t. It). nor the prcexposurc pie. injection of LiCI has been reported to produce changes
h% da\ interaction. FtH1, 1 0). 1. p (. 10. %cre significant. in neurohypophyseal functioning (23). in phospholipid me-
()nl the main effect for da. -(I 1.171 24.80. 0,. )l, was tabolism ( 17t. and in dopamine and serotonin receptor activ-
signifi,.nt, indicating that equivalent reductions in test da it\, in the brain (20.35). Although these changes in neural
su:rose preference A, ere observed in both the radiation- and functioning following treatment with LiCI do not constitute a
,harn-preexposed rats x ith lesions of the AP. sufficient condition for C I'A learning (32). they form a part of

the stimulus configuration when peripheral LiCI is used as a
UCS for CTA learning. The failure of radiation to reproduce
the complete constellation of stimulus events associated with

[he observation that preexposure to ionizing radiation LiCI treatment would mean that there is a weaker gener-
disrupts the acquisition of an ethanol-induced aversion in alization gradient when radiation is used as the preexposure
intact rats. but not in rats with lesions of the AP. is concor- UCS and, consequently. preexposure to radiation does not
dant w ith the h xpothesis that activation of the AP by a UCS produce cross-attenuation of a LiCI-induced CTA because
may be a sufficient condition for the UC'S preexposure effect LiCI is perceived is a novel discriminative UCS on the con-
even though the conditioning dax LCS itself does not require ditioning day.
the mediation of the AP for CTA learning to occur. Similar factors may be involved in the asymmetrical rela-

tionship between ethanol and radiation and LiCI. Preexpo-
sure to ethanol does not produce cross-attenuation of a
radiation- or LiCl-induced CTA because ethanol, as a UCS

The initial experiments were designed to test twko hypoth- for taste aversion learning, does not require the mediation of
c,,e, about the nature of the proximal UCS in taste aversion the AP (16). As a result, the pattern of neural activity
learning and the relationships between ionizing radiation, produced by pretreatment with ethanol may not be similar
L.iCl and ethanol as unconditioned stimuli for CTA learning, enough to that produced by LiCl or radiation, particularly
First, that because radiation and IJCI maN utilize a common since it might not result in similar effects on the AP. Con-
mediator. preexposure to one UCS should block the acquisi- versely, it is possible that anatomical connections of the AP
tion of a CTA following treatment with the other U'S. See- are sufficiently broad that the stimulus pattern resulting from
ond. that ethanol, which does not require the mediation of stimulation of the AP by pretreatment with a radiation or
the AP. mai, involve different mechanisms for CTA learning l.iCI UCS will encompass the stimulus pattern produced by
and. therefore, that preexposure to one UCS would not dis- treatment with ethanol leading to the generalization from one
rupt the acquisition of a CTA following treatment wkith an- UCS to tihe others and. therefore. to the cross-attenuation ofan
other LiCS. The results of the experiments, which show ethanol-induced CTA by preexposure to LiCI or radiation.
asymmetrical preexposure effects between radiation and Similarly. an intact AP is necessary for preexposure to
IAi('l and between ethanol and both radiation and I.iCl. pro- liCl or radiation to produce an attenuation of an ethanol-
vide onl, partial support for these hypotheses. induced CTA because the AP is necessary for CTA learning

The results of the first series of experiments, which when either of these stimuli is used as the UCS (19. 24. 27.
showed that preexposure to LiCl blocks the acquisition of 30). It is only when the All is intact that a pattern of neural
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FIG. 8. (A) Diagrammatic representation of the neural pathsways associated %k ith the
response of the organism to the UCS leading to the acquisition of a CTA following
exposure to ionizing radiation or treatment with LiCI or ethanol. (B) Schematic
illustration of the range of the stimulus configuration produced by exposure to ionizing
radiation or by treatment with LiCI or ethanol. Each labelled oval represents the
stimulus complex associated with the UCS. Preexposure to a UCS having a greater
range of effects will disrupt the acquisition of a CTA produced by a UCS having a
smaller range of stimulus effects. See text for details.

activity relevant to CTA learning with these stimuli can be amphetamine that do not produce overt signs of illness, have
initiated. In the absence of the AP. this pattern of neural suggested that any stimulus that produces a novel pattern of
activity is not produced by preexposure and. therefore, there neural activity will also produce a CTA. Rabin and Rabin
is no generalization related to CTA learning from the preex- (26) obtained a CTA in anesthetized rats treated with LiCI or
posure stimuli to the conditioning day UCS. As a result, exposed to ionizing radiation. Since these rats could not
preexposure to radiation or LiCI cannot lead to the cross- have experienced a UCS-induced illness under the
attenuation of an ethanol-induced CTA in rats with lesions of anesthesia, they suggested that any stimulus that excited the
the AP. neural pathways associated with illness would lead to the

The proposed role of the AP in the UCS preexposure acquisition of a CTA, independently of any possible expe-
effect between radiation, LiCI and ethanol is shown schemat- riential factor.
ically in Fig. 8A. Treatment with either ionizing radiation or The present observation of an asymmetrical UCS preex-
LiCI produces changes in the activity of the AP which, in posure effect between LiCI and ionizing radiation would be
turn, affects the activity of some distal orain structure lead- most consistent with the hypothesis that the proximal UCS
ing to the acquisition of a CTA (29). Although presently for CTA learning involves activation of the neural pathways
available data do not allow the specification of this inter- associated with illness (26). If an experienced gastrointesti-
mediate structure, anatomical studies have shown that the nal illness itself were the proximal UCS. then preexposure to
AP sends projections to both the nucleus of the solitary tract the radiation-induced "illness" should have attenuated the
and the parabrachial nuclei (31.36). Ethanol, which does not CTA response to the LiCI-induced "illness" just as preexpo-
require the mediation of the AP for CTA learning, may affect sure to the LiCI-induced "illness" attenuated the CTA re-
this distal structure directly. Preexposure to LiCI or radia- sponse to the radiation-induced "illness." While it is possi-
tion produces an attenuation of an ethanol-induced CTA ble that the cross-attenuation between radiation preexposure
only when the AP is intact because treatment with these and LiCI might be dose-dependent, then cross-attenuation
stimuli can affect the activity of this distal structure only between radiation and LiCI should have been obtained when
through the mediation of the AP. In contrast, ethanol, which the conditioning day dose of LiCI was reduced if dose were a
may affect this disial structure directly, cannot produce an significant factor. The failure to observe such an effect (Fig.
attenuation of a radiation- or LiCI-induced CTA because the 2) does not support this possibility.
ethanol pretreatment does not affect the activity of the AP. Rather, as discussed above and illustrated in Fig. 8B. the

With regard to the determination of the proximal UCS in observation of asymmetrical preexposure effects would
CTA learning, a number of different effects of treatment seem to derive from the total pattern of neural activity result-
have been proposed. Because most stimuli that will lead to ing from treatment with a specific UCS. Where the pattern of
CTA learning also make the organism sick. Garcia (13) has neural activity produced by the preexposure UCS fully en-
proposed that the experience of a UCS-induced gastrointes- compasses the pattern of such activity produced by the con-
tinal illness is the proximal UCS for the acquisition of a ditioning day UCS, either because the same stimuli are used
CTA. In contrast, Gamzu (11,12) and Hunt and Amit (14), in both phases of the experiment or because the preexposure
noting that a CTA will develop with nontoxic stimuli such as UCS produces all the neural stimulus effects of the condi-
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tioning da UCS. then attenuation of the CTA v, ill result, radiation and LiCI have common components. although they
Since both liCI and irradiation produce a CTA using an are not identical stimuli. Both LiCI and ionizing radiation
AlP-dependent peripheral mediator. preexposure to LiCI at- attenuate an ethanol-induced CTA in intact rats. but not in
tenuates a radiation-induced ('TA. Hoever. because LiCil rats %kith lesions of the AP. In contrast. preexposure to
apparently has effects in addition to those produced b) the ethanol, which does not require the integrity of the AP for
lowk dose of radiation. preexposure to radiation does not at- CTA learning, does not attenuate either radiation- or LiCI-
tenuate a LiCI-induced aversion. Similarly. preexposure to induced taste aversions. These observations are consistent
ethanol does not attenuate either a radiation- or LiCI- with the hypothesis that the critical stimulus for the acquisi-
induced CTA because the ethanol-induced CTA. unlike one tion of a CTA is the generation of a particular pattern of
produced by radiation or LiCI. is independent of the AP and activity, perhaps related to the neural circuits associated
ma. not, therefore, produce an appropriate pattern of neural with illness, in the central nervous system.
activity which involves the AP. Conversely. both LiCI and
radiation may attenuate an ethanol-induced CTA. in rats
xxith an intact AP. because the pattern of neural activity
induced by these stimuli completely mimics the pattern of A'KNOWI.FDGEMENTS
neural activity produced by intubation of ethanol. We " ish to acknowledge the support of the Computer Science

In summary. preexposure to ionizing radiation or LiCI ('enter Facilities of the University of Maryland Baltimore Count,.
attenuates the CTA produced by conditioning day treatment This research %kas supported by the Armed Forces Radiobiology
xx ith the same UCS and an asymmetrical cross-attenuation Research Institute. Defense Nuclear Agency. under wkork unit%koointreatmentwith the otheandanasymercal shthat Cat- B4123. Viewks presented in this paper are those of the authors: nofoll~in tratmnt "th he the UC: suh tat i~lat- endorsement by the Defense Nuclear Agency has been given ortenuates a radiation-induced CIA. but radiation does not enosmtbyheDfseNcarAnchsbengvnrshould be inferred. This research was conducted according to the
attenuate a LiCl-induced aversion. Because the UCS preex- principles described in the "'Guide for the Care and Use of Labora-
pourc paradign. in co,,trast ", a tolerance paradigm, is tory Animals" prepared by the Institute of Laboratory Animal Re-
based upon a generalization gradient from the preexposure search, National Research Council. A preliminary report of some of
UCS to the conditioning UCS, these results are consistent the data tas presented at the 17th Meeting of the Society for Neuro-
with the hypothesis that. as stimuli for CTA learning, both science. New Orleans. LA. 1987.
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A Low-Energy x-Ray Irradiator for
Electrophysiological Studies

D. A. SCHAUER,* G. H. ZEMAN and T. C. PELLMAR

Armed Forces Radiobiolofi Research Institute, Bethesda. MD 20814 5145, U.S.A.

(Receired 15 April 1988 in rersed form 19 MaJ 1988)

A 50 kVp molshdenum target filter x-ray tube has been installed inside a lead-shielded Faraday cage.
High-dose rates of up to 1.54 Gy min (17.4 keV weighted average photons) have been used to conduct
local in titro irradiations of the hippocampal region of guinea pig brains. Electrophysiological recordings
of subtle changes in neuronal activity indicate this system is suitable for this application.

Introduction -it was not possible to observe early transient

High dose rate acute whole-body exposures have neuronal effects, because data collection could only

been the main focus of radiobiology research con- begin approximately 30 min post-irradiation.

ducted at the Armed Forces Radiobiology Research spite of the above limitations Tolliver and

Institute (AFRRh) for many years. Extensive quantiti- Pellmar (1987) documented statistically significant

tive studies have been conducted analyzing behavioral impairment in the function of the neural tissue at

effects, radiation induced syndromes and combined doses as low as 50 Gy at a dose rate of 20 Gy min

injury phenomena. The sources of radiation used in While this was a significant advance showing direct

these studies are the AFRRI TRIGA Pulsed Reactor, damage to neural tissue, it was desirable to study

cobalt-60 whole-body facility and the 50 MeV the effects of lower doses of radiation at earlier time

LINAC. points. To accomplish this it was necessary to increase
the sensitivity of the experimental system by actually

Selective irradiation of specific organs has become
an area of investigation with emphasis on mechanistic conducting tissue irradiations within the electro-

effects. Specifically. cellular and tissue studies have physiology recording chamber. If ti''. were possible,

been initiated using the above mentioned sources. For then each brain slice preparation ,. .ld act as its

example, Tolliver and Pellmar (Tolliver and Pellmar. own control as the stimulating/recording electrodes

1987) initiated a study to evaluate radiation damage remained in place before, during and after the
" irradiation. This would eliminate the limitations

to brain neurophysiology. Slices from the hippo- irradiaton d This woul ele the lmatios
campal region of guinea pig brains were remotely iste eand allow more subtle neuronal changes
irradiated in 'itro, and subsequently examined for to be examined and quantified. To this end, a small
neuronal damage by means of electrophysiological x-ray unit was set-up for operation in a Faraday cage
recording of neuronal activity. The remoteness of enclosing the electrophysiology recording apparatus.

the irradiation source in relation to the recording
chamber presented some inherent limitations with Radiation Source
this type of analysis:

The source of radiation was a Kevex (KS010T)
-_ The analysis of a large number of samples was

required and only large changes could be observed, 50 kVp/I mA x-ray tube manufactured by Kevex

as electrophysiological responses varied greatly even x-ray Tube Division, Scotts Valley, Calif. (Kevex,

within the same animal. 1983). The key components of the system were the
x-ray head, x-ray tube with added molybdenum filter,

*Author for correspondence. collimators, x-ray tube holder, x-ray source Lontrol
Supported by the Armed Forces Radiobiology Research unit and cables. See Figs I and 2 for schematics of

Institute. Defence Nuclear Agency. Views presented in the above components. A detailed description of the
this paper are those of the authors: no endorsement has various components follows:
been given or should be inferred. Research was conducted
according to the principles enunciated in the Guide for x-Ray head
the ('are and Use of Laboratory Animals prepared by the
Institute of Laboratory and Animal Resources, National The hermetically sealed and completely radiation
Research Council. shielded x-ray head housed the x-ray tube and high

7
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A.B

A. Collimator Holder
B. Molybdenum Filter (25 microns)

(Inside Holder)
C. Tube Scale Indicator (0 - I)
D. High and Low Voltage Connectors
E. Mounting Post

Stainless Steel Collimators
(A Through I)

(Front View)

(Top View)

Fig. I. Kevex 50 kVp/I mA x-ray tube with added molybdenum filter, tube holder/precision positioning
stand and stainless steel collimators. The tube is approximately 20cm in length and 7cm in diameter
and the dimensions of the collimators are as follows: A-D, IS mm in length, 20-25 mm i.d. respectively;

E-H, 30 mm in length, 20-25 mm i.d. respectively; 1, 40 mm in length, 20 mm i.d.
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Fig. 2. Standard 50 kVp I mA power supply.

voltage and low voltage connectors. For high voltage also afforded extremely accurate reproducibility in
insulation and efficient heat conduction the head positioning the unit from run-to-run.
was filled with a liquid dielectric. Additionally, a gas
bubble was provided to accommodate differential x-Ray source control unit
expansion in materials due to heating. The 115 Vac, 60 Hz control unit consisted of a

filament grid bias and beam current control, focal
x-Ray tube spot size control, and high voltage power supplies

The x-ray tube consisted of a cathode, beam along with the control circuitry necessary to provide
current and electron focal spot control grids, and the settings/limits of operation (Fig. 2). The kV was
molybdenum transmission target. The oxide coated, selectable over the range 00.0-49.9 in steps of 00.1 kV
thermionic cathode was an indirectly heated electron and the mA was selectable over the range 0.00-0.99
emitter that was controlled by an electrostatic field in steps of 0.01 mA.
produced by the grid potential, The first double grid,
which was closest to the cathode controlled electron Cables

beam emission: the second, single grid located The power supply and tube were interfaced by
between the first grid and the target, controlled the separate high voltage and multiconductor low
electron beam spot size. The focal spot grid operated
independently from the beam emission grid and Table I. Physicalaspectsofthe molybdenum
could be used to vary spot size from 0.5 to 4 mm target and filter

in diameter. The transmission target yielded x-rays Photon energV

emitted in the direction of the longitudinal axis of K Series (keV)

the x-ray head. These x-rays were further filtered with K,2 17.478te-ryK ,2 17.373
a 25pm thick molybdenum filter which was added KI 19.607

external to the end of the tube adjacent to the 127/u m K02 19.964
thick beryllium transmission window. This Mo-Mo Wd avg K, = 7.443 eV. K= 19.663 ke

configuration should yield a quasi-monoenergetic Photon energy
x-ray spectrum consisting primarily of the approxi- L series (keV)
mately 17.4 keV K, x-rays of Mo (NCRP 85, 1986) Lill L., 2.015
(see Table I). I.,2 2.518

L, I 2.293
LIII,, 2.523

Collimators LII L' 1 2.395
L I 2.623

The tube head was modified with an external LiI,, 2.627

adapter to hold various collimators (see Fig. I) of three Ll LIt, 2.884
different lengths and three different inner diameters. With the 25pm Mo filter the predominant

radiation should be the K, I series (rela-
tive intensity of 100) which results from

x-Ray tube holder the transition of LIII to the K shell. The
K,2 series or the LII to K shell occurs

The tube holder was locally designed and fabricated with a relative intensity of approximately
to allow variation of the tube positioning in both the 50. The K, series, which are Mill & MII

to K are of higher energies than K,, how-horizontal and vertical axes. By utilizing the position- ever the relative intensity is only about 25.

ing indicators as illustrated in Fig. I the distance Accordingly. the weighted averages listed
above best describe the energy spectrum

between the tube and the specimen could be varied anticipated for this tube configuration,
to control the dose rate to the sample. This design with K, most prevalent.
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Kevex Brain Cell Irradiator
(3) (4)

38" _ Visual Warning Light

Visual Wa rnng Light
Folding Doors Folding Doors

Latch Bar -I
., 49""

39"

26'

Closed View Open View

A Kevex 50 kVp/ 1 mA X-Ray Unit
B Base of Interior - 4" Marble (Primary Barrier) *Rests on Air Cushion
C Interlocks
D Clear Pb-plastic

'The Entire Unit is Shielded With Lead Walls (1 mm Thick) (Secondary Barrier)

Fig. 3. Closed view of the lead-shielded Faraday cage.

Fig. 4. Open view of the Faraday cage with the x-ray tube in place.

voltage cables. The cables which were approximately Design and Evaluation br Medical Use of X-Rays and
2.3 meters in length allowed for remote operation of Gamma Rays of Energies up to 10 MeV (NCRP 49,
the unit. 1976). The criteria for the shielding design included

a highly conservative assumption that the workload
for the Kevex x-ray tube could be as high as to

Irradiation System include continuous operations with the beam for up
In order to meet the unique requirements for this to 10 h per day, 6 days per week, at maximum voltage

local in ritro irradiator, a system was designed in (50 kVp) and tube current (I mA), i.e. W = 3600
which the irradiation could be conducted inside a mA min/week, and that occupancy by members of
Faraday cage enclosing the electrophysiology record- the general public would be possible at any location
ing chamber (see Figs 3 and 4). The purpose of a within 0.4 m from the tube while it operated within
Faraday cage was to block out any external electro- the shield. On the basis of these assumptions, the
magnetic interference to allow accurate measurement required shielding thicknesses derived from NCRP 49
of the low level electrophysiological potentials. For were 0.75 mm Pb or 7.5 cm concrete for the primary
these experiments, the standard copper mesh Faraday (direct beam) barrier, and 0.60mm Pb or 5.5cm
cage was replaced by a lead-lined box. The design and concrete for secondary (leakage;scatter) barriers.
fabrication of the box had to meet radiation safety The installed shielding of I mm Pb in the walls of
and operational constraints, the lead-lined box, and 0.8 mm Pb-equivalent plastic

The entire cage was shielded in accordance with in the window and top of the box met the above
the National Council on Radiation Protection and criteria. Likewise the 10-cm thick marble (density of
Measurements Report No. 49. Structural Shielding 2.47-2.86 g cm 3) table top was even more massive
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than the concrete (density 2.35 g cm ') thickness (L20 and L50) to span the x-ray energy range
required for a primary barrier, so no additional encountered in these experiments. The difference of
shielding was required on the table top. 2.4% between the two calibration factors indicated

Note that the x-ray shielding parameters covered the chamber response varies only slightly over a wide
in NCRP Report 49 applied to tungsten target x-ray spectrum of low energies. The chamber was operated
tubes. This leads to some overestimation of the at + 300 V bias and all data represent the average of
shielding requirements for a molybdenum target readings made at opposite polarities, which differed
x-ray tube due to the fact that the bremmstrahlung by no more than 0.5%.
x-ray spectrum has reduced output intensity from the
lower atomic number target. The highly intense low Radiographic .film

energy ( 17-19 keV) characteristic x-rays from Mo do The x-ray film used in these tests was Kodak
not effect the shield design because these are prefer- X-Omat V film (for therapy verification) in paper
entiallv absorbed in the initial layers of the shield packs. Exposure of the film was conducted at
compared to the more energetic (20-50 keV) and 5cm from the end of the collimator holder with the
penetrating bremsstrahlung portion of the x-ray tube positioned at the normal operating angle (35
spectrum. from vertical). Collimators A I and the open beam

The clear-Pb plastic of lead equivalence equal to were analyzed at a 25 kV 0.2 mA setting for a 30 s
0.8 mm (Nuclear Associates. Carle Place. N.Y.) used exposure. The open beam density was studied using
in the window was included to allow the investigator density scans in the horizontal and vertical axes in
to view, the sample during irradiation. The ability to order to quantify the consistency of the field and
see inside of the box during the irradiation proved hence the exposure rate.
beneficial in aligning the field. Additionally. to allow
ample light into the array a section of the top of the Beam diameter gauge
box was made of the clear-Pb plastic. A fluorescent screen beam diameter gauge (Nuclear

An interlock system was designed and installed Associates Model No. 07-604) was used in the posi-
according to the recommendations of NCRP 88, with tioning of the chamber for measurements taken inside
the benefit of the interlock jack on the back of the of the array. The room and cage were darkened and
power supply (NCRP 88, 1986). The system consisted the fluorescent screen was placed in the array at the
of an interface box between the power supply and location of the tissue. The tube was then powered-up
x-ray tube that must first be turned on to supply and the beam location and size were viewed through
power to the system. Additionally, whenever the the front panel. This provided vital information for
switch was ON a red visual warning light was the angle of the irradiation and the positioning of
illuminated. Microswitches were also installed on the chamber for dosimetry. Accordingly, the sample
both doors such that the doors required positive holder was modified to allow the chamber to be
pressure (i.e. both doors secured with the cross bar as situated in the exact center of the beam where
illustrated in Fig. 3) before power could be supplied radiograph studies indicated the exposure rate was
to the unit. The design of this system was "fail-safe", constant. Furthermore, the center of the chamber
in that if the interlock was in any way violated the coincided with the tissue location during normal
production of all radiation ceased immediately. Lastly, irradiations and the top of the chamber was at the
when the interlock was tripped, the system required same height as the sample. The beam diameter gauge
manual resetting to prevent a sudden surge of power data was confirmed with the radiograph results and
to the x-ray tube. this will be further addressed in the Results section.

NCRP Report No. 88 also recommends a visual The characterization of the beam using the above
warning light as a caution to other personnel in the techniques allowed for determination of dose rates at
laboratory that an irradiation is in progress. Such a various points. Once this information was determined
light was installed in conjunction with the interlock the chamber was removed and the irradiations were
system. The light was ON Ahenev.er power was performed for calculated periods of time until the
provided to the unit. desired doses were delivered.

Dosimetry Procedures

onization ihamher Dosimetry Calculations

A Capintec parallel-plate ionization chamber Electrical charge from the parallel-plate ioniz-
(Model No. PS-033) was used to determine the ation chamber was collected using a Keithlcy 616
exposure rate from the tube. The sensitive volume of electrometer set in the charge (10 C) mode. which
the detector Aas 0 5 cm and the aluminized Mylar was in turn interfaced with a Hewlett Packard (HP)
\&indov was 0.5 nig cm ' thick Th diameter of Data Acquisition unit and a HP-85 computer. The
the sensitive area of the detector %,as 16mm. The exposure (X') in roentgens (R} was calculated from
detector and electrometer were calibrated at the the average of 10 sequential readings taken over 10 s
National Bureau of Standards for two beam codes intervals (W) at both polarities with the chamber
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irradiated free-in-air with no build-up as follows: 1.6 , ,

Exposure (X) = M. N Kq" Kip 1.41 , 006

where N, was the NBS exposure calibration factor for h
the chamber in the L50 field, Kq was the electrometer 1.2

correction factor and Kip was the temperature (T) 1.
and pressure (P) correction factor given by, .

e0.8-273.2 + T( C) 760
295.2 P(mmHg) 0 0.6

The dose (Din) was calculated as follows: 0.4

D. = X "fred 0.2

where 0.o I I I I . I

i]med 0.0 02 0.4 0.6 0.8 1.0
fined= .873 [ Tube Current (mA)

L ,r Fig. 5. Graph of dose rate vs current (mA) with a constant
for various materials in (cGy R- ). potential of 49 kV.

For approximately 17.4 keV photons in water Results
fm, = 0.889 (Johns and Cunningham, 1983).

The tissue slices being studied in the electro- Dose rate vs current
physiology recording chamber were perfused by an With a constant potential difference setting of
aqueous solution to maintain tissue viability during 49 kV and the tube positioned at 10.7 cm from the
the course of the experiments. A dose attenuation anode to the detector (i.e. Tube Scale Indicator 0)
factor was applied to account for the thin layer of dose rate data was collected for 0.1, 0.3, 0.5, 0.7, 0.9
water covering the sample. On the average the tissue and 0.99 mA. The increase in radiation output was
was under 0.5 mm of water, so the dose to the tissue linear with the increase in current and Fig. 5 is a
(Dm,) was calculated by, plot of the data acquired. With this inherent linear

characteristic the dose rate from the tube can be
Din, = Dm !/I, changed by varying the current without having to

reposition the tube.
where 1/1, is the correction factor for the attenuation ,
of the primary beam by the 0.5 mm of water. Using Dose rate vs potential difference
u/ p (Table 2) for approximately 17.4 keV photons in With a constant current setting dose rate data was
water the attenuation correction was 0.943. During collected for 10, 20, 30, 40, 45 and 49 kV The data
normal perfusion of the tissue sample, it was esti- plotted in Fig. 6 show a curvilinear response for
mated that the amount of water on top of the sample
could vary by as much as +0.2 mm. This variance 1 1.6
would cause the above attenuation correction factor 24 o Uniite1edU Fdltered 125 icrons 1o .4eu

to vary by ± 2.2%. 8.4
S20 1.2

_ 
iD 16 1.0

Table 2. Table of mass attenuation coefficients for photon energies 0
10-50 keV p) E 12o

Medium 0
Energy Soft 4 8

(keV) Lucite Water Bran* tissue* 0.4

10 2 273 5.223 5.338 4 783 CI
i5 1077 1.639 1.687 I 523 4
17.4 0835 1,244 1.280 .)61 0.2
20 0562 0796 0.819 0.750
30 0301 0372 0.379 0.358 0.0
40 0.234 0267 0.270 0.261 0 10 20 30 40 50
50 0.207 0226 0.228 0.222

Units: cm g Tube Voltage (kV)

*ICRP Fig. 6. Graph of dose rate vs potential difference (kV) with
+Values based on interpolation a constant current normalized to I mA for the filtered and
Source: (Hubbell. 1982) unfiltered tube.
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Fig Graph of dose rate s distance (focus surface dis- Fig. 8. Half-value layer measurements for the filtered and
tance) The slope of the line - 1 99 vs the expected -2.0 unfiltered tube.
confirms the expected inverse square behavior of the x-ray

output. See Table 3 for details.
the exposure rate from one-half to one-fourth. The
material used in the 10-120kV range is usually

both the filtered (25 pm of molybdenum) and the aluminum (density = 2.7 x 10' kg m ') and a chem-
unfiltered configurations. The effect of the 25jum Mo ical purity of >99.8% (Hendee, 1984). To minimize
filter was to reduce the measured dose rate by a factor the number of scattered photons which are detected,
of 16 at 49 kV to 33 at 20 kV and to accentuate the narrow-beam geometry or "good geometry" was
curvature of the output curve. In routine use the unit used. All measurements were made at a distance of
was set up to operate at a fixed 49 kV. approximately 0.5 m focus-surface-distance (FSD)

with the Al attenuators placed halfway. The tube
Dose rat" i's distance setting was 49 kV/0.99 mA and the 25/pm molyb-

Dose rate measured at varying distances from the denum filter was positioned at the end of the tube.
four tube scale indicators were compared to confirm As plotted in Fig. 8 the first and second HVL for
the expected inverse square behavior of the x- the unfiltered beam were 0.1 and 0.24mm, for a
radiation. See Fig. 7 for the plotting of the above data. homogeneity coefficient of 0.42. For the 25 pm Mo
Table 3 provides a listing of the results obtained, filtered beam the first HVL was equal to 0.40 mm Al

and second HVL was equal to 0.46mm Al: the
Radiation quality homogeneity coefficient for the beam was therefore

Half-value layer (HVL) and homogeneity coefficient 0.87. Thus for the filtered beam the HVL (0.41 mm
are frequently used in describing the quality of an Al) agrees within 3% with the calculated value
x-ray beam. The HVL is the thickness of a material (0.40 mm A I) for 17.4 keV photons. This close agree-
that reduces the exposure rate of the beam to one-half ment demonstrates the quasi-monoenergetic nature
(ICRU 17. 1970). The homogeneity coefficient is the of the Mo filtered x-ray beam.
quotient of the thickness of the attenuator required
to reduce the exposure rate to one-half, divided by Beam uniformity and penumbra
the thickness of attenuator required to further reduce As indicated in the Dosimetry Procedures section

radiographs of the nine collimated beams and the
open beam were taken and analyzed. Table 4 summar-

Table A Radialion dose rates

Tube scale Table 4 Collimated field stie,
indicator TD) FSD+ (is min Diameter (mm)

'(cll m It) "cm 1 54
) 0cm 10 cm 154 Collimator Honionial Vertical6 0 Lin 11 c m 1 28

II tcm 12 ,cm I I0 A 25 2'
III 111cm 13lcm 094 B 21 23

C 13
*TD[) This i, the tube detector distance Ahich is measured from D if 06

the end of the tube io the surface of the detector The tube scale D 04 29

indicator i, marked LO alloiA ea,% and accurate %ariation in the F 24 2f

TDD F Is 20
(G II I1A

+FSD This is the tocus-lo-surfaice distance The FSD is the sum of H 5 If

the TI)) plus ' cm. ishich is the distance from the end of the 22 24
tube cillimator to the milN hdcnum thrget The I ' m dhstncep
"as proided b, the tube manufacturer O)pen 2

,
2"
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ies the results of the beam diameter measurements in the center of the beam. Due to inverse square the
for the horizontal and %ertical axes with an FSD = density closest to the tube was 0.bi and farthest from
10. cm. the beam was 0.56. The difference in output relative

The diameter in the sertical axis was in all cases to the center of the beam, which the doses in Table 3
greater than that in the horizontal axis. due to the are quoted at. could vary from 3 to 51o.
requirement of irradiating at a 35 angle. Due to con-
straints imposed by the electrophysiology apparatus Depti dose
it %kas necessar. to angle the tube at 35 . Since the Depth dose measurements were done by position-
irradiation must be conducted at an angle the beam ing sheets of lucite on top of the Capintec chamber.
is ellipsoidal. The referenced mass attenuation coefficient for lucite

Preliminars densit% scans of the film showed that (0.835 cnu g ') (Hubbell. 1982) for approximately
the optical densit in the center of the beams varied 17.4 keV photons was in close agreement with the
less than 5",, betsseen th,: arious collimators. Also experimental measurements (see Fig. I Il
each beam profile appeared to be of uniform densit,
,A ith no artifacts other than a surrounding penumbra
region I1:rom these results it ,aas concluded that
the dose rate skas approsimatel, the same for all Discussion
collimators,. so that the output data for the OPEN
beam applied to all other beam sizes. This finding This s'stem provides a unique irradiation capabil-
%k as particularl% important because of' the relatiselN it% with built-in flexibility allowing the investigator to

,tlarge diametera(1becausoff the ionization hat'e r observe even the most subtle changes. Furthermore.
large dmeter m of the ionization chamberradiobiological damage on
used to measure dose rates. Further analysis of the the quatttve st y faiiliadaae on

OPENbea s~a coduced uingtheDrexl Iage the cellular level is greatly facilitated. The following(OPFN beam \Aa, conducted using the Drexel Image aesm diinlavnae fti ytm

Processing (enter Brain sotare package (see Figs 9 are some additional advantages of this system:

and 11W. The entire unit is in the laboratory under the
In the horizontal direction the penumbra region control of the user. Irradiations can be performed

-.a, S-ram wide on either side of the main beam whenever the biological system is ready.
I e the 26 mm region listed abo,,e). During dose --Simultaneous irradiation and observation of the
measurements it s, as crucial to keep the ionization sample both visually and by microelectrodes.
chamber out of this region The vertical analysis Variable dose rate.
prosided integral information in the area of tissue The tube is easily removed with highl. reproduc-
positioning ible dose rates after repositioning.

-Nnother effect of angling the tube is that the --Various collimators are provided to give selected
beam intensit saried according to inverse square. beam diameters.
Quantification of the denslts of the film in the 27-mm - The Mo- Mo target filter system gives an excellent
scrtical region indicated an optical density of 0.59 compromise betwkeen high dose rate and acceptable

penetration abilit of the beam. The x-ray energy
... . .spectrum is quasi-monoenergetic with well defined

radiation qualit\.
The x-ray tube is extremely small and operates

at low power %xith no external cooling system. It is
aiso capable of sersatile positioning in a complicated

- .experimental apparatus.
During tube operation no electrical interference

% noted on electrophvsiolog, recordings.

This unit is a protot pc and \ith such a system

come mans icarning experiences Some recommend-
z# ations for future impro\enents are

Encase the lead sheets in ply sood to asoid
possible sagging problems

Install a shutter to eliminate the radiation dose
delisered during the brief I nmn sarm-up time For

. 4 H H 2 high dose irradiations ( -6(i the %karm-ip dose
c ;.s as negligible i- Ii",) compared to the total dose

deliered |okccer. for Ioss dose irradiations special
S nI I)eph Ahic Ihrc, h ucite [he slope ,4 7he incU, accounting nla, be necessars for the dose delhcred

S-" cml gZ s hlk.h ,terce s, a h the reteren.cd miss iieiiut-

,!iin tcffi icnli tr - 4 k,\ ph,,hn, in luctie ho ,.ithm -,, diuring the brief , arni-Lip period

see f .thi e' The rctercncd , iuc in.udes ,,-h .. frlf ,itcr- Impros e the alignment and positioning neihan-
ing ind i it helieed thi, a..,,unt, tor much of the diprlil\ ini to gise molrc sersatile beam locatlion



Hv Beam uniformit% and penumbra anal)vsis in the horiiontaI axis. Note: the optical density is constant
across the field.

I I Feirr intrmi\andperurhri iiaI~isin tr ~rikI Iuctothe angle othe xra% tube
dumiiL! ir,idi,own~ (lie po,.l slen'ii\j erc.tter doe I, the iihe inid les is the distanc increases. rclanw~
I, tie vv1CTe 11 lie herm I lie d'e rile AI' the iiselul ire,' of Ox himn Lanie, h% appr'oimiek



A lo s *encrkts s-rad sriadiator 17

Haise the cepabliht tII dLise'r dose rates as higth References
as 2)1 iS fin AI-RRI Instruction 3020. 6b. (201 August 19791 Radiological

From a d0osIieIr\ perspeetise. in dealing ss ith a Sacet I nstrut tion RSI-530 Radiation producing machines:
narro%% heamn It v. ould he ads antageous to acquire at Bethesda. Md
smialler diamieter parallel-plate ionization chambher. Hendee W R. 0 9K4) Medical Radiation Phr' isics. 2nd edn.

'Year Book Medieal Publishers Inc , Chicago.
A ruggecd and submersible beamn intensit> inonitor Hubbell J HI 11982) Photon mass attenuation and energy-
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Johns HFl and Cunninghamn J R. (1983) Physicsi of
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.- ks~ h'lc'Pis'ii Designing and constructing ibis ne\% 1986) Report No. 88 National Council on Radiation

Irradiation facilit\ could'not has e been done %ithout the Protection anid Measurements. Bethesda, Md.
cooreration and hard "sork of a large number 0) indis iduals Radiation floomstri; T-Rai t Generated at Potentials of 5
Particular appreciation is due to Norman Rich. MD. to 15(1 & l (1t5 June 19701 Report No 17 international
(COL Kerison Kramer. MC. I SA and CDR Jerr\ Thomas. Commsission on Radiation Units and Measurements,
MSC. USN for their assistance in acquiring the unit Don Washington, [D.C.
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THERMOSPRAY LIQUID CHROMATOGRAPHY MASS
SPECTROMETRY OF THIOL RADIOPROTECTIVE

AGENTS: CHARACTERISTIC SPECTRA
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I INTRODUCTION

Ethiofos (S-2(3-aminopropylamino)ethylphosphorothioic acid or WR-2721) is currently being
evaluated in clinical radiotherapy trials (Kligerman et al.. 1980) because of its potential for
enhancing the efficacy of radiotherapy (Kligerman et al., 1980, Yuhas and Storer, 1969). For
proper drug usage and pharmacological studies, it is necessary to assess the stability of the
aminothiol and the presence of impurities or decomposition products. In addition, monitoring
the plasma levels of WR-27211 and its metabolites should improve the therapeutic usefulness
of WR-272 I. Several high-performance liquid chromatography (HPLC) methodologies have been
developed that are applicable for routine analysis of aminothiols and endogenous cellular thiols
(Newton et al., 1981. Swynnerton et al.. 1984). One of these methodologies, electrochemical
detection, permits the simultaneous detection of the free thiol and the disulfides (Swynnerton
et al.. 1984).

Mass spectrometry (MS) is a sensitive technique that can confirm purity and provide useful
structural information. Using a thermospray interface, samples can be introduced into the mass
spectrometer from a liquid chromatograph (LC) (Vestal. 1984). The interface thermally nebulizes

the eluant into a high-pressure region of the mass spectrometer where a variety of soft ionization
techniques may be used to ionize the analyte molecules. We have investigated the feasibility
of LC coupled to MS-detection for the analysis of thiol-containing radioprolective agents,
including glutathione. WR-2721. and WR-1065. the dephosphorylated sulfhydryl form of
WR-272 1, which has been shown to be its active radioprotective metabolite (Calabro-Jones et al.,
1983).

2. METHODS

The LC - MS system was an Extrel EL Mass Spectrometer (Model 4(X)-2) coupled to a Varian
85(X) ssringc pump by a Vestec Thermospray interface. The HPLC solvent consisted of 0. 1 M
ammonium acetate at a flow rate of 2 ml/min. The thiol compounds to be analyzed were
resuspended in the mobile phase buffer to a concentration of I jig/pIl and injected either directly
into the solvent stream bypassing the HPLC column (Zorbax C-8 column. 4.5 x 150 mm) or
through the column before entering the thcrmospray interface and the mass spectrometer. The
thermospray probe temperature was optimized at 2250C. and samples were analyzed using the
filament-on mode. The vapor temperature was approximately 277°C. Ion spectra were obtained
bN scanning from I(X) to 8(X) daitons. and the data were collected for either positive or negative
ion mass spectra. The mass ranges for scanning, as well as preliminary assignment of fragment
ions. \&ere based on the cxpectcd fragment pattern and nominal molecular weights of the
compounds examined.

2 I4
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100 135-

H 2 N-CH 2 CH 2 CH2 -NHCH 2 CH 2 -S H

WR-1065 mwt 134 1,) ionization
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113

1oc 120 140 160 18o 200
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Fim; I WR-1065 spectra from LC-MS analyses. WR-1065 was analyzed by positive ionization
techniques.

100 112-
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CH 2CNHCH-C-NHCH 2 COOH

CH 2 
SH

Glutlathiono mwt 307 i+1 ionization

245 308"1M4Hi+

227

240 260 280 300 320

FiV, 2 Glutathione spectra from LC - MS analyses. Glutathione was analyzed using positive ionization.

3. RESULTS AND DISCUSSION

Glutathione. WR-2721. and WR-1065 were analyzed by positive chemical ionization. The
positive spectra for WR-2721 and WR-1065 were indistinguishable, and only the spectrum for
WR-1065 is shown (Fig. I). The major ion occurring in the spectra of both WR-2721 and
WR-1065 is at m/: 135. in agreement with an ion produced by the protonated mass of the WR-1065
mercaptan (M + 1). A peak observed at m/z 267 is in agreement with the protonated mass of
the disulfide of WR-1065. Other major peaks were observed at mn/z 112 and 118. WR-2721
has a molecular weight of 214. although no M + I ion was observed at m/z 215. Interestingly,
the spectra for glutathione (Fig. 2) also contained an ,n/z ion peak at 135. Other peaks were



(haracierislic: nas, ~Petra it of i 221

ohser,,ed at in 112 and I11S as %kellI as a smiall moleculfar ion at 308 (N -- I). Final identification
of the chemnical structures represented by the mia~or ions %k ill require either MS M NS analyses
or the analysis of' standards of probable fragments.

Pre I inar\ experiments sho\,\ that this technique can be coupled w~ith HPL(' separation to
dctcct these thiol compounds in the extracts of plasmia fromn mice injected with WR-272 I (data
not shikn). The detection response appears ito he linear with the concentration of the compound,
and prciinar\ estimates of' the low sensiti\ iti, limits are near 10 pg. In addition, recent
experiments (nlot sho\& n) indicate that the miass spectra ofWR-272 I and WR- 1065 obtained with
neueatiic loniiation mna\ produce unique ions that help to distinguish the two compounds. The
chromiatography separation is being further refined to allow negative ion izat ion-the rmospray
I.( -~ MS analksis of both the parent compounds and their metabolites fromt biological samples.

Therniospra\ - MS appears to provide a reliable method for confirnmation of thiol radioprotective
a-gents A~ithout prior derivatization. Structural information and elemental composition about
tinknoivk n thiol compounds Could be obtained readily using the soft ionization MS analysis. As
described here. the detection of thiols using HPLC separation and MS detection represents a
nomel miethodology for the detection of thiols. Accurate HPILC retention times would be coupled
iith compound detection using selective ion monitoring of the major characteristic ion fragmients.

[C -MS is an exquisitely sensitive technique for detection of' WR-272 I and WR-l1065. with
estimates for the lower limit of sensitivityv in the pg range. Comparable detection limlits for
elect rochemilcal miethodologies for thiols (McGovern et al.. 1984) and for detection of fluorescent
nionobroinobimane derivatives of thiols (Newton et ali., 1981 I are in the low ng range.

I1 mI ki'/d inenrt-W2 I and WR- 1065 Acere giftis ofI Cot Das id Da\ idson. ExperimenialI Therapeutics Div ision.
\Valier Reed Arms% institute tit Research. Washington. D.C. This research %&as supported h~ i he Armed Forces Radiohiology
Research Institute. tDefense Nuclear Agency . under Aork units 001l52 and 00)103. and by ihe Extrel Corporation. Pittsburgh.
Pcnns 1%ana The s ews presented arc ihose of the authorsi no endorsement h\ the tDefense Nuclear Agency has been
-is en or should lhe interred.
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I.- PROPERTIES OF LEUKOTRIENES

L-eukotrienes are a class of biological mediators derived from arachidonic acid through the
lipoxygenase pathway (Fig. I ). Early studies showed that lipophilic factors capable of constricting
smooth muscle and inducing anaphylaxis were produced in the guinea pig in response to cobra
venom (Feldberg and Kellaway, 1938). These observations were followed up by a number of
investigators, and the factors became collectively referred to as (he slow-reacting substances
of anaphylaxis (SRS-A), although their exact chemical compositions and structures remained
undetermined (Brocklehurst. 1962). In the late 1970s and early 1980s. the pathway for synthesis
of leukotrienes as well as their structures were elucidated (Samuelsson et al., 1980), and those
Compounds previously studied as SRS-A were shown to be identical to the recently discovered
leukotrienes (Bach et (it.. 1980). Leukotrienes have pathological roles in inflammation and
anaphylaxis (Samuelsson et al., 1980: reviewed in Bach, 1983, and Sirosis, 1985), act as
vasoactive agents. as chemotactic factors for neutrophils (Bray et al., 198 1), and are more potent
constrictors of smooth muscle than histamine (Drazen et al.. 1980).

COOH OH OH COON
L 1ge/NVN COON

Arachidlonic Acid Leukotriene A, H'O Leukotriene B,

Cycooxyge j~ Glutathione

Prostaglandins
Thromboxarte Glutathiorne-S-transferase

- Glu-Cys-Gly Cys-Gty Cys

CZ' d COHCOOH OOH

CH.4 Cr CcH..
CH- -Glu CHGly 1.

Leukotriene C, Leukotriene D, Leukotriene E,

Fj;I Leukotriene synthesis~ The Iipox~genase pathway for the formation of leukotrienes front
aracontic acid is illustrated Lipxygenase mentahlizies arachidonic acid tit 5-hydropierox) eicosatetraenoic
acid (not Nhiiwni. Ahich seres as a substrate for 5-hydroxi, eicosatetracniiic acid and for leukotriene
A4 Other lipoxygcnases specific for different sites of actio~n on arachidonic acid exist, such as the
12 ltioxygenasc Hiise'er. the initial synthesis ot the biologically deried Ieukotrienes begins with the

5-lipiixsgenase

*Authior to' whomr Lirrespondence should he addressed
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Leukotriene A-, (LTA4 , Fig. 1). an epoxide intermediate in the leukotriene pathway, is syn-
thesized from arachidonic acid by a two-step process involving lipoxygenase (Radmark et al.,
1980). Leukotrienes are characterized by three conjugated double bonds (triene), and the '4'
subscript refers to the number of double bonds in the parent arachidonic acid substrate.
Leukotrienes have been synthesized from eicosatrienoic acid (three double bonds) and
eicosapentaenoic acid (five double bonds) (Ford-Hutchinson, 1986). LTA 4 serves as the
precursor for the synthesis of the peptidoleukotrienes C4, D 4 and E4, and also LTB4, a non-
peptide leukotriene containing two hydroxyl groups. LTB4 is one of the most potent chemotactic
factors for neutrophils (Bray et al.. 1981).

Leukotriene C4. (5S,6R)-5-hydroxy-6-S-glutathionyl-7,9-trans-I 1,14-cis-eicosatetraenoic
acid, is formed by the action of glutathione-S-transferase in combining glutathione to LTA 4
through a thiol-ether linkage. Leukotriene D4 (LTD 4) is formed from LTC4 by removal of
gamma-glutamic acid. Removal of glycine from LTD4 forms LTE4, leaving cysteine attached
to the 20-carbon backbone. LTE4 is inactivated by acetylation at the N-position of cysteine
(Orning et al.. 1986).

2. LEUKOTRIENES AND RADIOPROTECTION

The lipoxygenase metabolites of arachidonic acid have not been as extensively characterized
in terms of their cytoprotective and radioprotective properties as have the cyclooxygenase
metabolites (prostaglandins, thromboxane. and prostacyclin). Research on the radioprotective
properties of leukotrienes is limited by the expense and availability of pure compounds, and
very little research has been done in this area thus far. Preliminary studies are presented here
with the goal of discussing the current understanding of this problem and to introduce future
research directions.

2. 1. INDUCTION OF RADIOPROTECTION IN CULTURED CELLS

We recently observed that treatment with LTC4 2 hr before 10 Gy 6°Co gamma irradiation
induces a decrease in the radiosensitivity of V79A03 Chinese hamster lung fibroblasts in vitro
(Walden et al., 1986). The optimum radioprotective dose of LTC4 is 2.5 A.M, and the protection
is not attributable to radical scavenging by the glutathione portion of the molecule. Studies were
performed with cells harvested by trypsinization and replated 16 hr before irradiation. The cellular
reproductive survival was quantitated 7 days later on the basis of colony formation. The LTC4
pretreated group contained two to three times more surviving colonies than the control irradiation
groups (Walden et al.. 1986).

2.2. RADIOPROTECTION OF HEMATOPOIETIC STEM CELLS IN MICE

Radioprotection \as induced by LTC, rather than as a direct result of its presence during
irradiation. This was determined by monitoring the metabolism of LTC4 by the tissue culture
medium alone and in the presence of V79A03 cells. At the time of irradiation, only 33% of
the LTC4 was present, with the remainder converted to LTD 4 and LTE. (Walden et al., 1986).
The latter two leukotrienes were not as effective radioprotective agents as LTC4.

Leukotrienes have also been shown to provide radioprotection to the hematopoietic stem cells
of mice in vivo and in vitro (Walden ei al.. 1988). Mice received a pretreatment of 10 Aig

LTC4/mouse subcutaneously in the nape of the neck before S'Co gamma irradiation. LTC4 was
found to be radioprotective for endogenous spleen colonies (E-CFU), exogenous spleen colonies
(CFU-S). and granulocytc-macrophage progenitor cells (GM-CFC) in mice. rhe optimal time
for administration is 15 min before irradiation, with 207, of the optimal protection still present
60 min postirradiation. The dose reduction factors were 1.5 for CFU-S protection and 2.0 for
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GM-CFC protection (Walden et al., 1988). LTB 4. LTD 4. and LTE4 provided equal protection
but were not as eftctive as LTC4 . In addition, a I hr pretreatment with LTC 4 will protect the
intestinal crypt cells of mice from radiation damage (Hanson. 1987).

3. EVIDENCE FOR A RECEPTOR MECHANISM IN LEUKOTRIENE
RADIOPROTECTION

The underlying mechanism(s) for the leukotriene-induced radioprotection remains undeter-
nmed. Many of the biological responses to leukotrienes are thought to be mediated by specific
receptors (Fleisch et al.. 1984). and evidence for the association of a specific LTC4 binding
site on the V79A03 cell with LTC4 -induced radioprotection has been obtained. Radiation
survival experiments with V79A03 Chinese hamster fibroblasts were conducted by modifying
methods previously described (Walden et al.. 1986). Briefly. V79A03 cells were grown in MEM
medium supplemented with Earle's salts in HEPES, 2 mM L-glutamine, and antibiotics. Cells
were maintained in a humidified atmosphere of 5% CO, in air. in an incubator at 37°C. The
previously described method was modified by harvesting the cells with 0.02% EDTA, 6 hr before
irradiation. Leukotriene C4 (2.5 ucM) was added to the medium of treated cells 2 hr before
irradiation. Irradiated cells received X-irradiation at a rate of 1.69 Gy/min. Reproductive survival
was assayed by colony formation seven days postirradiation. The number of colonies was
corrected for plating efficiency and multiplicity, and the surviving fraction was determined.

Specific binding of [3H]LTC. by V79A03 cells was determined as previously described
(Walden. Marr, Watts and Fitz, submitted for publication). Binding assays contained I x 106
cells and 20 fmol ['H]LTCt (DuPont. Boston, Massachusetts) in 50 al of Hank's buffered saline
(Gibco, Grand Island. New York) per tube. Assays were incubated for 15 min on ice, and the
nonspecific binding was determined in parallel assay tubes containing 200 ng of unlabeled
LTC 4. Assays were performed in quadruplicate, and standard errors of the means were
determined.

3.1. LTC, RECEPTOR ACTIVITY AND RADIOPROTECTION

In an attempt to reduce the preparation time for the cellular radioprotection experiments, the
protocol was modified from a 16 hr preplating to 4 hr before irradiation, without changing the
2 hr LTC4 pretreatment. These experiments did not exhibit any indication of LTC4-induced
radioprotection and failed to verify previously reproducible results (data not shown). An
examination of this problem led to the identification of specific binding sites on this cell line
for LTC4 (Walden, Marr, Watts and Fitz, submitted for publication; Table I). The binding
characteristics of the 13H]LTC4 specific binding sites on V79A03 cells have also recently been
described (Walden. Marr, Watts and Fitz. submitted for publication). The binding'was specific
for LTC4. and LTD4 and LTE4 did not compete. In an equivalent number of V79A03 cells

TB It 1. Binding of !f Hi]leukoiriene C'4 to 1/79A03 Cells

LTC4 binding to cells harvested by
0.02' EDTA phosphate-buffered
saline

Percent total ['H]LTC., binding 40.2 ± I A S.M.. N = 4)
Percent nonspecific binding 10.0 ± t 6
Percent specific binding 30.2 ± I 3

Percent 'pecific LTC4 binding to
cells harvested by trypsimzation
(0.027, trypsin in phosphate-bu ffered
saline) 0.4 of labeled material
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T ,8I E 2 Survival ftaction fillowmn /0 G% irradiation in the
pre.inie or absen e oj 2.5 IsM leukoiriene C4

Ex~primcnt no Control :± S E M,) LTC, (± S.E M.

1 0 0430 10 0 170) 0 0950( ± 0.0200)
2 ,030() I± O(11)h± 0099 0 W25)
3 0.0310 I ± 0 (X)10) 00640 0.0020)
4 0.0460 ± 00015) 0.0881 a± 0.0026)
5 0 0288 : ± 0.(X)I6) 0 90

) 
± 0 0015)

N = 24

harvested by trypsinization, LTC 4 binding was reduced from the 307 observed for EDTA-
harvested cells, to 0.4% (Table I). This indicated the possibility that LTC4 might require
interaction with a protein component on the cell membrane to induce radioprotection.

Consequently. we resumed cellular radioprotection studies using cells harvested by EDTA
rather than by trypsinization, and the cells were replated 4-6 hr prior to irradiation, as described
above. LTC4 (2.5 /AM) was added to the culture medium 2 hr prior to receiving 10 Gy of "Co
gamma irradiation. Radioprotection by LTC4 was observed and consistently repeated in five
subsequent experiments (Table 2). The ability of LTC4 to induce radioprotection in the cells
harvested using EDTA but not those harvested at similar times by trypsinization implies the
importance of an intact binding site (receptor?).

4. AREAS OF FUTURE RESEARCH

Two future areas of research hold promise for leukotriene-induced radioprotection: (a)
investigation of the mechanism(s) involved and (b) investigation of the receptor/protection
relationship. There appear to be at least two mechanisms for radioprotection, one at the cellular
level, based on specific receptors. and the second at the systemic level. This is supported by
studies on radioprotection to cells in culture and by whole-animal survival studies. Radio-
protection by LTC4 and specific LTC4 binding sites has been demonstrated in the V79A03
Chinese hamster fibroblasts in vitro (Walden et al., 1986; Walden. Marr, Watts and Fitz,
submitted for publication).

Many leukotriene-induced activites are thought to be mediated by specific receptors (Fleisch
et al.. 1984). and in some instances they may also induce the synthesis of other eicosanoids
(Welton et al., 1983). The role of a receptor in leukotriene-induced radioprotection holds promise
for development of specific radiotherapy protocols for those patients whose tumors do not
possess LTC4 receptors. Because there are both cellular level (receptor) and systemic bases for
protection, those tumor cells that do not possess LTC4 receptors should not be protected to the
same degree as normal tissues possessing the receptors. Specific receptors for LTC4 have been
identified in a number of tissue homogenates. including lung (Hogaboom et al., 1983: Cheng
et al.. 1985). brain (Cheng et al., 1985), smooth muscle (Clark et al.. 1984). and endothelial
cells (Muller et al., 1987). The role of specific receptors in radioprotection and their possible
significance to radiotherapy was re-enforced in studies of isoproterenol protection of cells in
culture (Chirkov and Sobolev, 1985). Isoproterenol radioprotection is thought to be 3-adrenergic-
receptor mediated, resulting in an elevation of cyclic AMP. Cells that do not possess 0-adrenergic
receptors are not protected by isoproterenol (Chirkov and Sobolev. 1985). Not all tumor cell
lines possess LTC4 specific binding sites (Balapure et al., 1987). In the event that the tumor
cell possesses a specific receptor for LTD. or LTE4. there remains the possibility that the use
of LTC, or an appropriate analog in radiotherapy may protect the tumor through conversion
of LTC., to LTD4 or to LTE4 . However, these two leukotrienes are much less effective than
LTC. both in cells in vitro (Walden et al.. 1986) and in mouse hematopoietic cells in vivo
(Walden er al.. 1988).

Conversely, is a tumor with the capacity to produce leukotrienes more resistant to therapy'?
Tumor production of prostaglandins has been well studied, but few reports exist regarding the



Radioprotection bN leukotrienes 383

ability of tumors to produce leukotrienes. The rat basophilic leukemia cell is known to produce
leukotrienes, and much of the pathway for leukotriene synthesis was determined in this cell line

(Orning et al.. 1980). Rat mastocytoma cells also produce leukotrienes (Bach er al., 1980).
16, 16-Dimethyl prostaglandin (DiPGE.) is an effective radioprotector of mouse intestinal

crypt cells (Hanson and Ainsworth, 1985) and hematopoietic stem cells (Hanson and Ainsworth,
1985- Walden er al., 1987). and also for whole-animal survival (Walden et al., 1987), However,
radioprotective doses suppress locomotor activity (Landauer el al., 1987) and induce diarrhea
(Walden et al., 1987). The ataxia induced in mice by DiPGE, is dose-dependent and requires

up to 30 hr for recovery to control levels (Landauer et al., 1987). Unlike DiPGE2 . radio-

protective doses of LTC 4 do not cause diarrhea, but do temporarily suppress locomoter activity
(Walden. unpublished). Experiments to quantitate the behavioral effects of the leukotrienes are

planned. Aside from the temporary suppression of behavior, there are no visible side effects
from administration of sublethal doses of LTC4 . Death usually occurs within 30 min following
the administration of a lethal dose to mice.

LTC4 is one of the more effective biological mediators in terms of radioprotection, and is
one of the more effective radioprotectors. Its exogenous administration in radioprotective doses

to mice is limited by toxicity and short biological half-life. In terms of radioprotection. a single
injection of 5 - 10 ug/mouse is effective for less than I hr (Walden et al.. 1988). A time-release
process may extend the duration of the radioprotection. Since LTC 4 is a mediator of inflam-
mation (Sirosis. 1985; Bach. 1983). questions concerning its prolonged use need to be addressed.

It may be more feasible to develop analogs of LTC 4 that retain its radioprotective properties
without some of the more potent biological effects. More work is necessary to delineate possible
roles of LTC4 in radiotherapy and develop analogs fbr radioprotection.
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INTRODUCTION

High-dose-rate, acute, whole-body exposures have been the main focus of
radiobiology research conducted at the Armed Forces Radiobiology Research
Institute (AFRRI) for many years. Extensive quantitative studies analyzing
behavioral effects, radiation induced syndromes, and combined injury
phenomena have been conducted. The sources of radiation used in these
studies are the AFRRI TRIGA Mark-F pulsing nuclear reactor, cobalt-60
whole-body facility, and 50-MeV linear accelerator.

Selective irradiation of specific organs has become an area of investigation
with emphasis on mechanistic effects. Specifically, cellular and tissue studies
have been initiated using the above-mentioned sources. For example, Tolliver
and Pellmar (1) initiated a study to evaluate radiation damage to brain
neurophysiology. Slices from the hippocampus of guinea pig brains were
remotely irradiated in vitro and subsequently examined for neuronal damage
by means of electrophysiological recording of neuronal activity. The
remoteness of the radiation source in relation to the recording chamber
presented some inherent limitations in this type of analysis:

- The analysis of a large number of samples was required, and only
large changes could be observed, since electrophysiological responses vary
greatly even within the same animal.

- It was not possible to observe early transient neuronal effects because
data could only be collected approximately 30 minutes postirradiation.

Despite the above limitations, Tolliver and Pellmar (1) documented
statistically significant impairment in the function of the neural tissue at
doses as low as 50 Gy with a dose rate of 20 Gy/min. While this research
showing direct damage to neural tissue was a significant advance, it was
desirable to study the effects of lower doses of radiation at earlier times. To
accomplish this end, it was necessary to increase the experimental system's
sensitivity by actually conducting tissue irradiations within the
electrophysiology recording chamber. If this were possible, each brain slice
preparation could act as its own control as the stimulating/recording
electrodes remained in place before, during, and after the irradiation. This
type of study would eliminate the limitations listed above and allow more
subtle neuronal changes to be examined and quantified. A small x-ray unit
was therefore set up to operate in a Faraday cage enclosing the
electrophysiology recording apparatus.

RADIATION SOURCE

The source of radiation is a Kevex (K5010T) 50-kVp, 1-mA x-ray tube
manufactured by Kevex X-ray Tube Division, Scotts Valley, CA (2). The
system's key components are an x-ray head, x-ray tube with added
molybdenum (Mo) filter, co"nliators, x-ray tube holder, x-ray source control
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unit, and cables. (See figures 1 and 2 for schematics of the above
components.) A detailed description of the various components follows.

A.

A. Collimator Holder
B. Molybdenum Filter 125pjm)

(Inside Holder)
C. Tube Scale Indicator (0 111)
D. High and Low Voltage Connectors
E_ Mounting Post

Stainless Steel Collimators

Al,, ril rl rf- i 1 9
(Front Vtew)

OQ@O@Q@
(Top Viewi

Figure 1. Kevex 50 kVp/1 mA x-ray tube with added Mo filter, tube
holder/ precision positioning stand, and stainless steel collimators. Tube
is approximately 20 cm in length and 7 cm in diameter. Dimensions of
the collimators are as follows: A-D, 15 mm in length, 20-5 mm inner
diameter, respectively; E-H, 30 mm in length, 20-5 mm inner diameter,
respectively; and I, 40 mm in length, 20 m- inner diameter.
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Figure 2. Standard 50 kVp and I mA power source.

X-RAY HEAD

The hermetically sealed and completely radiation-shielded x-ray head houses
the x-ray tube and high- and low-voltage connectors. For high-voltage
insulation and efficient heat conduction, the head is filled with a liquid
dielectric. Additionally, a gas bubble is provided to accommodate differential
expansion in materials due to heating.

X-RAY TUBE

The x-ray tube consists of a cathode, beam current and electron focal spot
control grids, and an Mo transmission target. The oxide-coated, thermionic
cathode is an indirectly heated electron emitter controlled by an electrostatic
field produced by the grid potential. The first double grid, closest to the
cathode, controls the electron beam emission; the second single grid, between
the first grid and the target, controls the electron beam spot size. The focal
spot grid operates independently from the beam emission grid and can be
used to vary spot size from 0.5 to 4 mm in diameter. The transmission
target yields x rays emitted in the direction of the longitudinal axis of the x-
ray head. These x rays are further filtered with a 25-Mm-thick Mo filter,
added externally to the end of the tube adjacent to the 127-Mim-thick
beryllium transmission window. This Mo-Mo configuration should yield a
quasi-monocrnergetic x-ray spectrum consisting primarily of the approximately
17.4 keV K a x rays of Mo (3) (see table 1).
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Table 1. Physical Aspects of the Molybdenum Target and Filter

K Series Photon Energy L Series Photon Energy
(keV) (keV)

K a 1 17.478 LIII L 2.015

K a 2 17.373 L 5 2 2.518

K p 1 19.607 L a 1 2.293

K p 2 19.964 LIU ab 2.523

K ab 20.002 LII L p 1 2.395

L 71 2.623

LII ab 2.627

LI LI ab 2.884

With the 25-pm Mo filter, the predominant radiation should be the K a 1
series (relative intensity of 100) that results from the transition of L III to
the K shell. The K a 2 series or the L II to K shell occurs with a relative
intensity of approximately 50. The K P series, which is M III and M II to
K, is of higher energy than K a; however, the relative intensity is only about
25. Accordingly, the weighted averages (K a = 17.443 keV, K P = 19.663
keV) best describe the energy spectrum anticipated for this tube configuration,
with K a most prevalent.

COLLIMATORS

The tube head is modified with an external adapter to hold various
collimators (see figure 1) of three different lengths and three different inner
diameters.

X-RAY TUBE HOLDER

The tube holder was locally designed and fabricated to allow variation of the
tube positioning in the horizontal and vertical axes. By using the positioning
indicators as illustrated in figure 1, the distance between the tube and the
specimen could be varied to control the dose rate to the sample. This
design also affords extremely accurate reproducibility in positioning the unit
from run to run.



X-RAY SOURCE CONTROL UNIT

The 115 Vac, 60 Hz control unit consists of a filament grid bias and beam
current control, focal spot size control, and high-voltage power supplies along
with the control circuitry necessary to provide the settings/limits of operation
(figure 2). The kV can be selected in the range 00.0 to 49.9 in steps of
00.1 kV, and the mA in the range 0.00 to 0.99 in steps of 0.01 mA.

CABLES

The power supply and tube are interfaced by separate high-voltage and
multiccnductor low-voltage cables. The cables, which are approximately 2.3
meters long, allow for remote operation of the unit.

IRRADIATION SYSTEM

To meet the unique requirements for this local in vitro irradiator, a system
was designed in which the irradiation could be conducted inside a Faraday
cage enclosing the electrophysiology recording chamber (see figures 3a,b). The
purpose of the Faraday cage was to block out any external electromagnetic
interference and allow accurate measurement of the low-level
electrophysiological potentials. For these experiments, a lead-lined box
replaced the standard copper mesh Faraday cage. The box's design and
fabrication had to meet radiation safety and operational constraints.

The entire cage was shielded in accordance with the National Council on
Radiation Protection and Measurements (NCRP) Report No. 49, "Structural
Shielding Design and Evaluation for Medical Use of X-rays and Gamma Rays
of Energies up to 10 MeV" (4). The criteria for the shielding design
included a highly conservative assumption that the workload for the KEVEX
x-ray tube could be as high as to include continuous operations with the
beam for up to 10 hours per day, 6 days per week, at maximum voltage (50
kVp) and tube current (1 mA), i.e., W = 3600 mAomin/week, and that
occupancy by members of the general public would be possible at any
location within 0.4 meter from the tube while it operated within the shield.
On the basis of these assumptions, the required shielding thicknesses derived
from appendix C, table 8, of NCRP Report No. 49 were 0.75 mm lead (Pb)
or 7.5 cm concrete for the primary (direct beam) barrier, and 0.60 mm Pb
or 5.5 cm concrete for secondary (leakage/scatter) barriers.

The installed shielding of 1 mm Pb in the walls of the box and the 0.8 mm
Pb-equivalent plastic in the window and top of the box met ths above
criteria. Likewise, the 10-cm-thick marble (density of 2.47-2.86 g~cm ) table
top was even more massive than the concrete (density 2.35 g/cm ) thickness
required for a primary barrier, so no additional shielding was required on the
table top.
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Figure 3. Lead-shielded Faraday cage: (a) closed view; (b) open view with
x-ray tube in place.

Note that the x-ray shielding parameters covered in NCRP Report No. 49
apply to tungsten target x-ray tubes (4). This fact leads to some
overestimation of the shielding requirements for an Mo target x-ray tube
because the bremsstrahlung x-ray spectrum has reduced output intensity from
the lower atomic number target. The highly intense low-energy (17-19 keV)
characteristic x rays from Mo do not affect the shield design because they are
preferentially absorbed in the initial layers of the shield, compared to the
more en,',rgetic (20-50 keV) and penetrating bremsstrahlung portion of the x-
ray spectrum.



The 0.S iiin Pb-equivalent plastic (Nuclear Associates, Carle Place, NY) used
in the window was included to allow the investigator to view the sample
during irra(iation. The ability to see inside the box during irradiation
proved beneficial in aligning the field. To allow ample light into the array,
a section of the top of the box was also made of the Pb-equivalent plastic.

Interlock recommendations for an x-ray apparatus are described in NCRP
Report No. 88, "Radiation Alarms and Access Control Systems" (5): "Areas
containing radiation-producing equipment or sources that could produce
potential doses in the high-to-extreme categories should have interlocks as an
integral part of their access control system."

An interlock system was designed and installed with the benefit of the
interlock jack on the back of the power supply. The system consisted of an
interface box lotween the power supply and the x-ray tube that first had to
be turned on to supply power to the system. Additionally, whenever the
switch was ON, a red warning light was illuminated. Microswitches were
also installed on both doors so that the doors required positive pressure (i.e.,
both doors secured with a latch bar, as illustrated in figure 3a) before power
could be supplied to the unit. The design of this system was "fail-safe" in
that if the interlock was violated in any way, all radiation production ceased
immediately. Last, when the interlock was tripped, the system required
manual resetting to prevent a sudden surge of power to the x-ray tube.

NCRP Report No. 88 (5) also recommends a warning light as a caution to
other personnel in the lab that radiation is in progress. Such a light was
installed in conjunction with the interlock system. The light is ON whenever
power is proviled to the unit.

DOSIMETRY PROCEDURES

IONIZATION CHAMBER

A Capintec parallel-plate ionization chamber (Model No. PS-033) was used to
determine the expos re rate from the tube. The sensitive volume of th
detector was 0.5 cm, and the aluminized mylar window was 0.5 mg/cm"
thick. The diameter of the detector's sensitive area was 16 min. The
detector and electrometer were calibrated at the National Bureau of Standards
for two beam codes (L20 and L50) to span the x-ray energy range
encountered in these experiments. (See appendix A.) The difference of 2.4
percent between the two calibration factors indicates that the chamber
response varies only slightly over a wide spectrum of low energies. The
chamber was operated at ±300 volts bias, and all data represent average
readings made at opposite polarities, which differed by no more than 0.5
percent.

9



RADIOGRAPHIC FILM

The x-ray film used in these tests was Kodak X-Omat V film (for therapy
verification) in paper packs. The film was exposed at 5 cm from the end of
the collimator holder with the tube positioned at the normal operating angle
(350 from vertical). Collimators A-I and the open beam were analyzed at a
25 kV and 0.2 mA setting for a 30-second exposure. The open beam density
was studied using density scans in the horizontal and vertical axes to
quantify the field's consistency and, hence, the exposure rate.

BEAM DIAMETER GAUGE

A fluorescent screen beam diameter gauge (Nuclear Associates Model No.
07-604) was used to position the chamber for measurements taken inside the
array. The room and cage were darkened, and the fluorescent screen was
placed in the array at the tissue's location. The tube was then powered up,
and the beam location and size were viewed through the front panel. This
observation provided vital information for the radiation's angle and the
chamber's positioning for dosimetry. Accordingly, the sample holder was
modified to allow the chamber to be situated in the exact center of the beam
where radiograph studies indicated that the exposure rate was constant.
Furthermore, the chamber's center coincided with the tissue location during
normal radiations, and the top of the chamber was at the same height as the
sample. The beam diameter gauge data were confirmed with the radiograph
results (addressed further in the Results section). The characterization of the
beam using the above techniques allowed for determination of dose rates at
various points. Once this information was determined, the chamber was
removed and the irradiations were performed for calculated periods of time
until the desired doses were delivered.

DOSIMETRY CALCULATIONS

Electrical charge from the parallel-plate ionization chlmber was collected using
a Keithley 616 electrometer set in the charge (10" C) mode, which was in
turn interfaced with a Hewlett-Packard (HP) data acquisition unit and an
HP-85 computer. The exposure (X) in roentgens (R) was calculated from the
average of 10 sequential readings taken over 10-second intervals (M) at both
polarities with the chamber irradiated free-in-air with no buildup as follows:

K q Ktp

where N was the NBS exposure calibration factor for the chamber in the
L50 fieldx (see appendix A), K was the electrometer correction factor (see
appendix A), and Ktp was theq temperature (T) and pressure (P) correction
factor given by t

10



Ktp 273.2 + T (0C) *
'295.2 P (nun tHg)

The dose (Di) was calculated as follows:

D II I = X" * fi le d

where

fie =0L.873 for various nmaterials in cGy/R.air

For approximately 17.4 keV photons in water. f 0.889 (6).

An aqueous solution perfused the tissue slices being studied in the
electrop}iysiology recording chanher to maintain tissue viability during the
experiments. A dose attenna tion factor was applied to account for the thin
layer of water covering the saimple. On an average, the tissue was under 0.5
iiu of water, so the dose to the tissue (Dt) was calculated as follows:

Dllt = Dm * 1/I

where 1/10 is the correction factor for the attenuation of the primary beam
by 0.5 mf of water. Using #/p for approximately 17.4 keV photons in
water, the attenuation correction was 0.943 (see table 2). During normal
perfusion of the tissue sample, it was estimated that the amount of water on
top of the sample could vary by as much as ±0.2 rm. This variance would
cause the above attenuation correction factor to vary by ±2.2 percent.

RESULTS

DOSE RATE VERSUS CURRENT

With a constant potential difference setting of 49 kV and the tube positioned
at 10.7 cm from the anode to the detector (i.e., Tube Scale Indicator 0),
dose rate data were collected for 0.1 mA, 0.3 mA, 0.5 mA, 0.7 mA, 0.9 mA,
and 0.99 mA. The increase in radiation output was linear with the increase
in current, and figure 4 is a plot of the data acquired. With this inherent
linear characteristic, the dose rate from the tube can be changed by varying
the current without having to reposition the tube.

11



Table 2. Table of NMass Attenuation Coefficients (p/p) for
Photon Energies 10 keV to 50 keV

Medium
Energy
(keV) Lucite Water Brain' Soft Tissue*

10 2.273 5.223 5.338 4.783

15 1.077 1.639 1.687 1.523

17.4 0.835 1.244 1.280 1.161

20 0.562 0.796 0.819 0.750

30 0.301 0.372 0.379 0.358

40 0.234 0.267 0.270 0.261

50 0.207 0.226 0.228 0.222

Units: cm 2 /g

*As defined by the International Commission on Radiological
Protection (ICRP)
Values based on interpolation

1.6 1

545*X -0 006

1.4 - ,,0 99995

1.2 - -

S1.o -

. -

o 0.6

0.4 2
0.2-

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Tube Current (mA)

Figure 4. Dose rate vs. current (mA) with a constant potential of 49 kV.



DOSE RATE VERSUS POTENTIAL DIFFERENCE

With a constant current setting dose rate, data were collected for 10 kV, 20
kV, 30 kV, 40 kV, 45 kV, and 49 kV. The data plotted in figure 5 show a
curvilinear response for the filtered (25 pm Mo) and the unfiltered
configurations. The effect of the 25-prm Mo filter was to reduce the measured
dose rate by a factor of 16 at 49 kV to 33 at 20 kV, and to accentuate the
curvature of the output curve. In routine use, the unit was set up to
Gpcrate at a fixed 49 kV.

DOSE RATE VERSUS DISTANCE

Dose rates measured at varying distances from the four tube scale indicators
were compared to confirm the expected inverse square behavior of the x
radiation. See figure 6 for the plotting of the above data. Table 3 lists the
results obtained.

RADIATION QUALITY

Half-value layer (HVL) and homogeneity coefficient are frequently used to
describe the quality of an x-ray beam. HVL is the thickness of a material
that reduces the exposure rate of the beam to one-half (7). The homogeneity
coefficient is the quotient of the thickness of attenuator required to reduce
the exposure rate to one-half divided by the thickness of attenuator required
to further reduce the exposure rate from one-half to one-fourth. The material
used in tl 10- to 120-kV range is usually aluminum (Al) (density = 2.70 *
10" kg/m) and a chemical purity of >99.8 percent (8). To minimize the
number of scattered photons that are detected, narrow-beam geometry or
"good geometry" was used. All measurements were made at a distance of
approximately 0.5 m focus-to-surface distance with the Al attenuators placed
halfway. The tube setting was 49 kV and 0.99 mA, and the 25-pm Mo
filter was positioned at the end of the tube.

As plotted in figure 7, the first and second HVL's for the unfiltered beam
were 0.1 mm and 0.24 mm, for a homogeneity coefficient of 0.42. For the
25-pm Mo-filtered beam, the first HVL was equal to 0.40 mm Al, and the
second HVL was equal to 0.46 mm Al; the homogeneity coefficient for the
beam was therefore 0.87. Thus, for the filtered beam, the HVL (0.41 mm
Al) agrees within 3 percent with the calculated HVL (0.40 mm Al) for 17.4
keV photons. This close agreement demonstrates the quasi-monoenergetic
nature of the Mo-filtered x-ray beam.
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Figure 5. Dose rate vs. potential difference (kV) with a constant current
normalized to 1 mA for filtered and unfiltered tubes.
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Figure 6. Dose rate vs. distance (focus-to-surface distance). Slope of the
line, -1.99 vs. expected -2.0, confirms expected inverse square behavior of
x-ray output. See table 3 for details.



Table 3. Radiation Dose Rates

Tube Scale Indicator TDO* FSD Gy/min
(cm) (cm)

0 6.0 10.7 1.54

1 6.0 11.7 1.28

II7.0 12.7 1.10

II8.0 13.7 0.94

*TDD: tube-detector distance, which in measured from the
end of the tube to the surface of the detector. The tube
scale indicator is marked to allow easy and accurate variation
in the TDD.

t FSD: focus-to-surface distance, which in the sum of the
TDD plus 5.7 em (the distance from the end of the tube
collimator to the Mo target). The 5.7-cm distance was
provided by the tube manufacturer.

1.0

0.8s

0.6

0.4

M, HVL2

z 0.4-

Z 0. . . . . .

Thickness of Aluminum (mm)

Figure 7. Half-value layer measurements for filtered and unfiltered tubes.



BEAM UNIFORMITY AND PENUMBRA

As indicated in the Dosimetry Procedures section, radiographs of the nine
collimated beams and the open beam were taken and analyzed. Table 4
summarizes the results of the beam diameter measurements for the horizontal
and vertical axes with a focus-to-surface distance of 10.7 cm.

The diameter in the vertical axis was in all cases greater than that in the
horizontal axis because of the requirement of radiating at a 350 angle.
Because of constraints imposed bg the electrophysiology apparatus, it was
necessary to angle the tube at 35 . Since the radiation must be conducted
at an angle, the beam is ellipsoidal.

Table 4. Collimated Field Sizes

Diameter (mm)

Collimator Horizontal Vertical

A 25 27

B 21 23

C 13 15

D 05 06

E 24 26

F 18 20

G 11 13

H 05 06

I 22 24

OPEN 26 27
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Preliminary density scans of the film showed that the optical density in the
center of the beams varied less than 5 percent between the various
collimators. Also, each beam profile appeared to be of uniform density with
no artifacts other than a surrounding penumbra region. From these results it
was concluded that the dose rate was approximately the same for all
collimators, so that the output data for the OPEN beam applied to all other
beam sizes. This finding was particularly important because of the relatively
large diameter (16 mm) of the ionization chamber used to measure dose
rates. Further analysis of the OPEN beam was conducted using the Drexel
Image Processing Center Brain software package (see figures 8 and 9).

In the horizontal direction, the penumbra region was 8 mm wide on both
sides of the main beam (i.e., the 26-am region). During dose measurements,
it was crucial to keep the ionization chamber out of this region. The
vertical analysis provided integral information in the area of tissue positioning.

Another effect of angling the tube is that the beam intensity varied according
to inverse square. Quantification of the film's density in the 27-mm vertical
region indicated an optical density of 0.59 in the center of the beam. Due
to inverse square, the density closest to the tube was 0.61; the density
farthest from the tube was 0.56. The difference in output relative to the
center of the beam, at which the doses in table 3 are quoted, could vary
from 3 to 5 percent.

Figure 8. Beam uniformity and penumbra analysis in the horizontal axis.
Optical density is constant across the field.
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Figure 9. Beam uniformity and penumbra analysis in the vertical axis.
Because of the 350 angle of the x-ray tube during radiation, optical
density is greater close to the tube and less as distance increases,
relative to the center of the beam. Dose rates across the useful area of
the beam vary from 3 to 5 percent.

DEPTH DOSE

Depth-dose measurements were done by positioning sheets of lucite on top of
the Capin ec chamber. The referenced mass attenuation coefficient for lucite
(0.835 cm /g) (9) for approximately 17.4 keV photons was in close agreement
with the experimental measurements (figure 10).



1.0

z

0.11 I I I I I
0.0 0.4 0.8 1.2 1.6

Depth (g.cm -1)

Figure 10. Depth dose through lucite. Slope of the line is -0.77 cm2 /gm,
which agrees with referenced mass attenuation coefficient for 17.4 keV
photons in lucite to within 8 percent (see table 2). Referenced value
includes coherent scattering, which, it is believed, accounts for much of
the disparity.

RADIATION SAFETY SURVEY

A comprehensive radiation safety survey was conducted to evaluate the
primary and secondary protective barriers for the primary beam and
leakage/scatter (10). A multistep survey process was conducted and included
the following:

* Film studies around the tube head verified its shielding integrity.

* Lead sheets and lead overlaps were examined visually at all edges and
joints.

* A qualitative shield survey was conducted with 99mTc (technetium)
and a pancake Geiger-Muller (GM) counter.

* A quantitative shield survey was conducted with x rays at maximum
kV and mA in the actual scatter geometry, using a GM tube to find
hotspots and an ionization chamber to measure mR/hr.
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The maximum radiation leakage of <0.5 mR/hr quoted by the x-ray tube
manufacturer (appendix B) was confirmed using a Victoreen 471 survey meter
in contact with the tube while operating at maximum power. Additionally,
film studies were conducted around the tube, and results were negative for
pinhole leakage.

Visual examination of all lead sheets/overlaps before operation each day was
imperative. Because of the malleable characteristic of lead, the joints and
edges can bend, and streaming could occur. The Standard Operating
Procedures (appendix C) emphasize the need to visually inspect the entire
cage as part of the routine start-up procedure.

For the qualitative survey, an unshielded vial containing 4 mCi of 99mTc
was positioned in the lead box, and a sensitive GM survey meter was used
to locate any hotspots. During the initial survey, readings of up to 5 mR/hr
were noted at the edges and joints. Accordingly, the cage was modified to
ensure that no readings above background were obtained outside the lead
box.

Last, the quantitative survey was conducted with the tube settings at
maximum kV and mA. The Victoreen 471 survey meter was used with
particular attention given to the joints and edges. The modifications
mentioned above were sufficient as no readings above 0.05 mR/hr were noted.

DISCUSSION

This system provides a unique radiation capability with built-in flexibility that
allows the investigator to observe even the most subtle changes. Further, the
quantitative study of radiobiological damage on the cellular level is much
easier. The following are some additional advantages of the system:

* The entire unit is in the lab, under the user's control. Radiations can
be performed whenever the biological system is ready.

• Simultaneous radiation and observation of the sample, both visually

and by microelectrodes.

* Variable dose rates.

• The tube is easily removed with highly reproducible dose rates after
repositioning.

* Various collimators are provided to give selected beam diameters.

* The Mo-Mo target/filter system gives an excellent compromise between
high-dose rate and acceptable penetration ability of the beam. The x-ray
energy spectrum is quasi-monoenergetic with well-defined radiation quality.
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* The x-ray tube is extremely small and operates at low power with no
external cooling system. The x-ray tube is also capable of versatile
positioning in a complicated experimental apparatus.

e During tube operation, no electrical interference is noted on
electrophysiology recordings.

This unit is a prototype, and with such a system come many learning
experiences. Some recommendations for future improvements are as follows:

* Encase the lead sheets in plywood to avoid possible sagging problems.

o Install a shutter to eliminate the radiation dose delivered during the
brief, 1-minute warm-up time (see appendix C). For high-dose radiations (>6
Gy), the warm-up dose is negligible (<1 percent) compared to the total dose
delivered. However, for low-dose radiations, special accounting may be
necessary for the dose delivered during the brief warm-up period.

* Improve the alignment and positioning mechanism to give more

versatile beam location.

* Develop the capability to deliver dose rates as high as 20 Gy/min.

* Acquire a smaller diameter parallel-plate ionization chamber, which,
from a dosimetry perspective, would be advantageous in dealing with a
narrow beam.

* Install a rugged and submersible befm intensity monitor for active in-
beam dosimetry, such as a small (<1 mm ) plastic scintillation detector.

The x-ray apparatus described in this report is currently being used to
conduct local in vitro radiations of the hippocampal region of guinea pig
brains. Preliminary quantification of the electrophysiological response indicates
the apparatus is suitable for this application.
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DG 8454 85
TFN G45095
1985 OCT 30

U. S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS

GAITHERSBURG. MD 20899

REPORT OF CALIBRATION

CAPINTEC CHAMBER

MODEL PS-033 SERIAL NUMBER CII.334495

MANUFACTURED BY CAPINTEC INSTRUMENT CO.
MONTVALE, NJ 07645

SUBMITTED BY ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE
BETHESDA. MD 20814-5145

RECEIVED AT NBS ON 1985 SEP 23

THE CALIBRATION FACTORS GIVEN IN THIS REPORT ARE QUOTIENTS OF THE
X- OR GAMMA-RAY EXPOSURE AND THE CHARGE GENERATED BY THAT RADIATION
IN THE IONIZATION CHAMBER. CHARGE WAS MEASURED FOR BOTH POLARITIES OF
THE STATED POTENTIAL AND THE AVERAGE VALUE WAS USED IN COMPUTING THE
CALIBRATION FACTOR. LEAKAGE CORRECTIONS WERE APPLIED IF NECESSARY.
IF THE CHAMBER WAS OPEN TO THE ATMOSPHERE THE MEASUREMENTS WERE
NORMALIZED TO ONE STANDARD ATMOSPHERE AND 22 DEGREES CELSIUS. USE OF
THE CHAMBER AT OTHER PRESSURES AND TEMPERATURES REQUIRES NORMALIZATION
OF THE ION CURRENTS TO THESE REFERENCE CONDITIONS. THE NORMALIZING
FACTOR F IS COMPUTED FROM THE FOLLOWING EXPRESSION:

F - (273.15 + T)/(295.15 H)

WHERE T IS THE TEMPERATURE IN DEGREES CELSIUS, AND
H IS TER PRESSURE EXPRESSED AS A FRACTION OF A STANDARD

ATMOSPHERE. (1 STANDARD ATMOSPHERE - 101.325 KILOPASCALS - 1013.25
MILLIBARS - 760 MILLIMETERS OF MERCURY)

THE EXPOSURE RATE AT THE CALIBRATION POSITION WAS MEASURED BY A
FREE-AIR IONIZATION CHAMBER FOR X RADIATION, AND BY GRAPHITE CAVITY
IONIZATION CHAMBERS FOR COBALT-60 AND CESIUM-137 GAMMA RADIATION.
THE GAMMA-RAY EXPOSURE RATES WERE CORRECTED TO THE DATE OF CALIBRATION.
FROM PREVIOUSLY MEASURED VALUES, BY DECAY CORRECTIONS BASED ON
HALF-LIVES OF 5.27 AND 30.0 YEARS, FOR COBALT-60 AND CESIUM-137
RESPECTIVELY.
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DG 8454 85
1985 OCT 30

THE UNCERTAINTY OF THE EXPOSURE-RATE MEASUREMENTS :S BELIEVE: TO
BE WITHIN ONE PERCENT AND THE ION CURRENT MEASUREMENTS ARE BELIEVE:
TO BE ACCURATE TO WITHIN A FEW TENTHS OF ONE PERCENT.

THE CALIBRATION FACTOR IS GIVEN TO FOUR DIGITS TO PREVENT
ROUNDING ERRORS UP TO 0.5 PERCENT WHEN THE FIRST DIGIT IS UNITY.

INFORMATION ON TECHNICAL ASPECTS OF THIS REPORT MAY BE OBTAINED
FROM J T WEAVER OR P. J. LAMPERTI, RADIATION PHYSICS C21C,
NATIONAL BUREAU OF STANDRADS. GAITHERSBURG, MD 20899. 1301' 921-2361

REPORT REVIEWED BY

REPORT APPROVED BY R. LOEVINGER

FOR THE DIRECTOR
BY

RANDALL S. CASWELL
CHIEF. IONIZING RADIATION DIVISION
CENTER FOR RADIATION RESEARCH
NATIONAL MEASUREMENT LABORATORY
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PAGE 3 OF 3
DG 8454 85
i985 OCT 3C

NATIONAL BUREAU OF STANDARDS REPORT OF CALIBRATION

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE
BETHESDA. MD 23814-5145

CAP:NTEC CHAMBER
MODEL PS-033 SERIAL NUMBER CII.334495
OPEN TO THE ATMOSPHERE WHEN TESTED
WALL POTENTIAL WAS - AND - 300 VOLTS WITH RESPECT TO INNER ELECTRODE

BEAM HALF-VALUE LAYER CALIBRATION FACTOR DIST BEAM EXP
CODE AL CU 22 DEG C AND 1 ATM SIZE RATE

(MM) (MM) (M) (MM) (RS)

L20 .07 6.349E-09 R'C .50 C 43 1.2E-00
L50 .75 6.502E 09 R:C .50 C 43 2.6E-01
M300 21.90 5.3 "6.723E+09 R,'C .78 C 26 6.OE-02

CO-60 14.9 16.970E-09 R'C 1.46 S 63 4.2E-01

DURING CALIBRATION THE CAVITY WAS POSITIONED IN THE CENTER OF THE BEAM
WITH THE STEM PERPENDICULAR TO THE BEAM DIRECTION. THE WINDOW
FACED THE SOURCE OF RADIATION.

3.E-15 AMPERES WAS THE LEAKAGE CURRENT MEASURED BEFORE CALIBRATION.

998 WAS THE RATIO OF THE AVERAGE FOR BOTH POLARITIES OF THE
CURRENTS MEASURED AT FULL COLLECTION POTENTIAL. TO THE AVERAGE FOR
HALF COLLECTION POTENTIAL FOR A CURRENT OF 7.5E-12 AMPERES. A DETAILED
SATURATION STUDY WAS NOT CARRIED OUT AND NO CORRECTION FOR LACK OF
SATURATION WAS APPLIED TO THE DATA.

1.2% WAS THE LARGEST DIFFERENCE BETWEEN THE CURRENTS MEASURED FOR FULL
POSITIVE AND NEGATIVE COLLECTION POTENTIALS. THIS OCCURRED FOR THE
BEAM QUALITY M300.

* THE CHAMBER WALL THICKNESS WAS INCREASED FOR THIS BEAM QUALITY BY
ADDITION OF THE SHELL SUPPLIED WITH THE CHAMBER.

NOTE: THE REFERENCE PLANE FOR THIS CHAMBER WAS THE FRONT SURFACE OF THE
PLASTIC BODY FOR BEAM CODES L20 AND L50. AND THE FRONT SURFACE OF THE
EQUILIBRIUM SHELL FOR BEAM CODES M300 AND CO-60.

CHECKED BY

27



DG 3438/35 Page I f 2
TFN 344975
38 319:151
1985 SEP D6

U. S. DEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS

GAITHERSBURG, MO 20899

REPORT OF TEST

Keithley Electrometer Electrometer Serial Number 163317
Model 616
Manufactured by Keitnley Instrument Company

Cleveland, OH 44137

Submitted by Armed Forces Radiobiology Research Institute
Bethesda, MD 20814

Received at NBS on 1985 AUG 09

The referenced electrometer has been tested for use with the ionization chamber
covered by Report of Calibration DG 8425/85. The system was tested for the
following combination of switch positions:

Switch Position

Function 10-9 C
Mode Fast
Sensitivity Auto
Bias N/A
Input N/A
Background N/A

When the electrometer charge measurements were corrected by KQ, where

KQ 2 0.986

-ieasurements with the system using Beam Code Co-60 were found to be consistent
with the calibration factor in OG 8425/85. Kg was determined by injecting a
known charge into the electrometer input and observing the corresponding change
in the charge reading. The value of the injected charge is believed to have an
uncertainty of less than 0.1%.

29



DG 8438/85 Page 2 of 2
1985 SEP 06

The exposure in air at the reference point of the ionization chamber, with the

chamber replaced by air, is given by

X = KQ F Q N = 0.986 F Q N

where
N is the chamber calibration factor in terms of exposure per unit charge,

for stated conditions of calibration;
Q is the change in charge on the electrometer system as indicated by the

digital panel-meter readings, using the tested combination of switch positions;
and

F is a factor that normalizes the measurements to the temperature and
pressure reference conditions for N. F is defined in Report of Calibration
DG 8425/85.

Information on technical aspects of this report may be obtained from
P. J. Lamperti, Radiation Physics C210, National Bureau of Standards,
Gaithersburg, MD 20899, (301) 921-2361.

Measurements supervised by P. J. Lamperti

Report approved by R. Loevinger

For the Director
by

Randall S. Caswell
Chief, Ionizing Radiation Division
Center for Radiation Research
National Measurement Laboratory
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APPENDIX B. TUBE SPECIFICATIONS
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APPENDIX C. STANDARD OPERATING PROCEDURES

(Kevex X-ray Unit Model No. K5010T, Serial No. 3183)

The following are the Standard Operating Procedures for the Kevex X-ray
Unit being used by the Physiology Department for brain cell irradiations. No
deviation from these procedures is authorized unless first approved by the
officer in charge, the Radionuclide and X-Ray Safety Committee, or the
Safety and Health Department. The procedures emphasize radiation safety
and tube preservation, with radiation safety receiving the higher priority.

1. Visual Inspection Safety. Before any irradiations, the operator shall
conduct a thorough visual inspection of the following:

a. Faraday cage. Examine the top and bottom of the cage, all door
corners, the front junction, and all edges to ensure that all lead shielding is
intact.

b. All interlocking mechanisms (addressed in paragraph 3d).

c. Visual warning light. ¢

d. Control panel.

2. Log Book. In accordance with RSI 530, paragraphs 7b and c, the unit
operator log shall be readily available and used for every operation of the
unit. An entry must be made for each run, except that one entry may be
used for a series of identical runs if the number is clearly specified in the
log. Log entries shall include the following:

a. All machine settings (time, kVp, collimation, mA).

b. Operator's name.

c. Description of use and special conditions.

d. Date and time.

3. Warm-up Procedure for the X-Ray Tube. While preparing the array for
radiation, warm up the tube using the following procedure:

a. Ensure that the front doors are properly closed and secured with the
latch-bar.

b. Ensure that the switch on the grey box is in the ON position and
the warning light is activated.
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c. Insert the operation key in the control panel and turn it ON to
provide AC power to the control panel.

d. With the tube settings at 0 kV/0 mA and the red x-ray light
illuminated on the control panel, trip the interlock to ensure that the unit
shuts down. Unit shutdown will include the following:

(1) Red light on top goes OFF.

(2) Red x-ray ON light on the control panel goes OFF.

(3) Green x-ray OFF light illuminates.

NOTE. IF THIS DOES NOT OCCUR, CEASE ALL OPERATIONS
AND CONTACT THE SAFETY AND HEALTH DEPARTMENT
IMMEDIATELY.

e. Ensure that the following steps are adhered to when increasing
voltage and current (daily when in use):

Step kV/mA Time (min)

1 0/0 Interlock check
(paragraph d above)

2 10.0/.10 1

3 20.0/.10 1

4 30.0/.30 1

5 35.0/.30 20

6 40.0/.50 2

7 45.0/.70 2

8 49.0/.99 2

f. When increasing kV/mA, increase the kV first, then the mA. When
decreasing the settings, decrease the mA first, then the kV.

g. When increasing kV, be alert to any arcing (an audible "ticking"
sound produced in the tube or the power supply). If more than one or two
arcs are observed, back the voltage down to the previous voltage and rerun
for the designated time. After the time has elapsed, step the voltage back
up, and continue the procedure.
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NOTE: Tube should never be switched into operation with kV settings
greater than one-half their maximum values.

4. Tissue Electrode Positioning. When the warm-up procedure is completed
and the array is ready for radiation, the unit may be shut down. At this
point, the cage may be opened and the tube temporarily removed to allow
ample room for array/electrode positioning. Upon completion, the tube
should be repositioned in accordance with the dosimetric parameters
determined by the Operational Dosimetry Division.

5. Brain Cell Radiation Exposures. Repeat procedures in paragraphs 3a-c.
Because the tube should NEVER be switched into operation with kV settings
greater than one-half their maximum values, ensure that the following steps
are adhered to:

Step kV/mA Time (min)

1 25.0/.10 1

2 49.0/.99 until desired dose
is delivered

This procedure will involve a slight rise time with the cells in place, but at
high doses it will be an extremely small percentage of the total dose
delivered.

6. Shut Down. The operator shall ensure that at the end of the radiation

exposure all equipment as well as the operator key is properly secured.

7. Musts

a. The operator must remain in the room at all times when the key is
in the power supply.

b. The key must be kept in the control of a qualified operator and
may not be left in the power supply.

c. The operator shall wear proper personnel dosimetry as required by
RSI 530.

8. Postinx of the Area. The area shall be posted in accordance with RSI
530, paragraph 7d.

9. Access to the Area. Access to the area is not restricted while the unit
is in operation.
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