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Application of the constant exposure time technique to 
transformation experiments with fission neutrons: failure 
to demonstrate dose-rate dependence 

E. K. BALCER-KUBICZEK*f, G. H. HARRISONf, B. A. TORRESJ 

and W. A. McCREADYf 

(Received 25 August 1993; revision received 15 November 1993; accepted 17 November 1993) 

Abstract. A direct comparison of the effectiveness of fission 
neutrons at high (11-0-31-3 cGy/min) or several low dose-rates 
(0-14-3-2 cGy/min) was carried out under identical conditions. 
Monolayers of exponentially growing C3H/10T^ cells were 
exposed at 37°C to reactor-produced neutrons (fluence-mcan 
energy £„ = 0-68MeV', <5% y component, frequency mean 
linear energy jyF = 21 keV//im, dose mean lineal energy yD 

= 42keV//xm in an 8-/mr spherical cavity). Survival or transfor- 
mation induction were studied at five doses from 10-5 to 94cGy. 
In low dose-rate irradiations, these doses were protracted over 
0-5, 1, 3 or 4-5 h, resulting in 17 different dose-rates. Up to six 
experiments were performed at each of five exposure times. 
Concurrently with transformation we studied cell proliferation in 
control versus cells irradiated at 40 cGy (acute and a 4-5-h 
protraction) and found no evidence of a shift in the cell cycle 
distribution among these cells. At a given dose and dose-rate, the 
effect of dose protraction on survival or transformation was 
assessed by the dose-rate modifying factor (DRMF), defined as 
the low:high dose-rate effect ratio at the same dose. Survival or 
transformation induction curves were nearly linear with initial 
slopes, respectively, of about 6-5 xlO"3 or 6-2 x 10~6cGy~'. 
Consistent with dose-response curves, DRMFs were indepen- 
dent of the dose and dose-rate. The mean values of the DRMF 
with their uncertainties and 99% confidence intervals, based on 
measurements in individual doses and dose-rates for survival or 
transformation were, respectively: 1-01+0-03 (0-92, 1-09) or 
0-98 + 0-04 (0-83, 1-08) indicating a similar precision in deter- 
mining DRMF for survival or transformation, and no dose or 
dose-rate influence on these end points. 

1. Introduction 

Numerous theoretical and experimental studies 
have been conducted with the objective of improving 
our knowledge of dose-response relationships for 
radiation carcinogenesis at high dose-rate or pro- 
tracted doses of medium and high linear energy 
transfer (LET) radiations. Among these studies 
several neutron fields, including that at the Armed 
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{Armed Forces Radiobiology Research Institute, Bethesda, 
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Forces Radiobiology Research Institute (AFRRI) 
TRIGA reactor, have been used to irradiate C3H/ 
10T^ cells. Exposure of these cells to putative carci- 
nogens, including ionizing radiation, may convert a 
cell with normal growth and morphologic character- 
istics to one with the characteristics of a tumour cell, a 
process termed neoplastic transformation. It is well 
established experimentally in the C3H/10i system 
that high-LET radiations have greater biological 
effectiveness than low LET radiations. However, the 
effects of protracted or split-dose exposures continue 
to be a subject of controversy; for the literature 
background on dose protraction studies with low and 
high LET radiations, see Balcer-Kubiczek and 
Harrison 1991 c, Brenner and Hall 1990, 1992, Elkind 
1991 and Cao el al. 1992. In the case of fission 
neutrons, the need for additional transformation 
measurements at doses ^0-5Gy and dose-rates 
^ 0-5 cGy/min has been identified (Brenner and Hall 
1990, 1992, Hall 1991, Redpath et al. 1991). 

All the previous dose-rate experiments with C3H/ 
10T^ cells, including our transformation studies with 
TRIGA neutrons (Balcer-Kubiczek et al. 1988, 1991, 
Balcer-Kubiczek and Harrison 1991a), used a con- 
stant dose-rate approach in which the total dose is 
proportional to the exposure time. Consequently, 
different irradiation times are needed to accumulate 
different doses, a procedure which makes the analysis 
of the protracted data conceptually complicated 
especially when intervals of enhanced sensitivity 
within the cell cycle, the division delay, repair or 
similar kinetic and time- or dose-dependent pheno- 
mena, singly or in combination, are suspected to 
affect the induction process (Rossi and Kellerer 1986, 
Brenner and Hall  1990,  1992, Elkind  1991, Hall 
1991, Cao el al. 1992, Watt 1992). 

The objective of the present series was to re- 
evaluate the effect of fission neutron dose-protraction 
on neoplastic transformation of C3H/10T^ cells by 
using a constant exposure time approach in which 
dose-rates are proportional to the total dose (Kellerer 

0955-3002/94 $10.00 © 1994 Taylor & Francis Ltd 



560 E. K. Balcer-Kubiczek et al. 

and Rossi 1972). Consequently, different doses are 
accumulated over the same exposure time. An addi- 
tional advantage of the constant exposure time tech- 
nique is that contributions of the total dose and dose- 
rate can be separated, so consequently questions of 
time-, dose- and/or dose-rate-dependent windowed 
responses can be addressed directly by a suitable 
choice of doses and exposure durations (Sykes and 
Watts 1989). In our present experiments, total doses 
of about 10, 25, 40, 60 and 90cGy were protracted 
over T = 0-5, 1, 3 or 4-5 h, resulting in 17 dose-rates 
from 0-14 to 3-2cGy/min. Our previous constant 
exposure time experiments with X-rays showed that 
a moderate protraction (i^5h) of doses in the dose 
range from 25 cGy to 4 Gy, can produce a significant, 
statistically discernable reduction of cell killing and 
transformation in the C3H/10T^ assay (Balcer- 
Kubiczek et al. 1987). 

2. Materials and methods 

2.1. Cell culture and media 

C3H/10T| cells from the line established by 
Reznikoff et al. (1973a, b) were maintained as 
described previously (Balcer-Kubiczek et al. 1988, 
Balcer-Kubiczek and Harrison 1990, 1991a-c) in 
conformity with published guidelines for this assay 
(IARC/NCI/EPA Working Group 1985). Our qual- 
ity control of experiments with C3H/10T^ cells is 
described in the reports cited above. New batches or 
lots of serum are routinely prescreened using pro- 
cedures and criteria summarized in the IARC/NCI/ 
EPA Working Group (1985) report. Serum lots are 
characterized as being suitable for the transforma- 
tion assay by ascertaining compliance with survival 
and transformation expectations after 4Gy X-rays, 
after 4 Gy X-rays with post exposure to 0-1 ^g TPA/ 
ml, or after 2-5/ig MCA/ml. Results for two lots, 
matched with respect to the concentration of 11 
natural serum components, tested for use in the 
present study are shown in Figure 1; a single lot, 
denoted serum B in Figure 1, was used in the 
experiments reported here. 

2.2.   Transformation and survival assays 

Cells in passage 10 were used for experimentation. 
Before neutron irradiation, cells were plated in several 
25-cm2 flasks at 5 x 104 cells per flask. Experiments 
were performed 2 days later to ensure that treated 
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Figure 1. Comparison of transformation induction in C3H/ 
lOT^ cells by X-rays or chemicals with carcinogenic 
activity (methylcholanthrene, MCA; 12-0-tetra- 
decanoyl phorbol-13-acetate, TPA) to demonstrate the 
effect of serum quality and concentration on transforma- 
tion or clonogenic responses (data not shown). Other 
abbreviations have the following meaning: 10%+ 5% 
FBS, indicates a protocol with the first four media 
changes performed using medium containing 10% of 
foetal bovine serum (FBS), and the remaining three 
media changes performed using a 5%-serum content; 
10% FBS, high-serum medium-change protocol. 

cells were in exponential growth phase (see §2-3). 
Except for neutron irradiation, flasks were kept in 
horizontal position at all times to facilitate attach- 
ment/reattachment of mitotic cells. A hypersensiti- 
vity of these cells to transformation was suggested 
(Elkind 1991, Brenner and Hall 1992, Cao et al. 
1992). Temperature was maintained at 36-37°C, in- 
cluding during neutron irradiation. Cells were trans- 
ported to the reactor in a 20-litre thermally insulated 
container, similar to that described previously 
(Balcer-Kubiczek et al. 1988, Balcer-Kubiczek and 
Harrison 1991 c). At the reactor site, cell temperature 
before and after neutron irradiation was controlled 
by immersing culture flasks filled with warm medium 
in a constant-temperature water bath. 

Each experimental run included a high dose-rate 
exposure group and, in most cases, more than one 
low dose-rate exposure group at the same dose. 
Neutron irradiations were arranged such that low 
dose-rate exposures always preceded high dose-rate 
exposure. Consequently, cultures that received low 
dose-rate irradiations were incubated in a horizontal 
position for up to 5 h before transporting them from 
Bethesda to our cell culture laboratory in Baltimore. 
There, cells were removed from flasks by trypsiniza- 
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Table 1.    Pooled data from constant exposure time experiments with TRIGA fission neutrons 

Mean Mean exposure Mean dose 
dose + a time ± a rate ± a XjN+a TR + c 

(cGy) (min) (cGy/min) SF+a .V Y X P (io-2) (IO"4) 

10-68 + 0-74 0-94 + 0-08 11-35 + 0-77 0-994 + 0-059 692 671 23 280 3-3 + 0-7 1-10 + 0-24 

26-22± 1-32 2-37 + 0-15 11-06 + 0-46 0-780 + 0-176 365 342 24 297 6-6+1-3 2-19 + 0-46 

41-47+ 1-60 1-39 + 0-08 30-02 + 2-34 0-538 + 0-063 191 165 30 334 15-7 + 0-9 4-15 + 0-86 

62-28+ 1-84 5-68 + 0-37 11-01+0-78 0-431+0-100 513 453 65 259 12-7+1-6 5-68 + 0-37 

91-30 + 4-45 2-92 + 0-13 31-29+1-28 0-266 + 0-057 333 249 89 303 26-7 + 2-8 9-58+1-05 

10-23 + 0-21 29-87 + 0-19 0-34 + 0-01 0-947 + 0-083 293 283 10 278 3-4+1-1 1-25 + 0-39 

25-38+1-75 29-34+1-09 0-87 + 0-06 0-804 + 0-198 272 248 24 346 8-8+1-8 2-67 + 0-55 

40-20 + 0-35 28-16 + 2-30 1-44 + 0-11 0-527 + 0-075 359 332 27 298 7-5+1-5 2-63 + 0-51 
61-43 + 2-17 30-10 + 0-07 2-04 + 0-08 0-546 + 0-067 187 159 29 245 15-5 + 3-9 6-62+1-27 

91-95+1-85 28-84+1-16 3-19 + 0-06 0-260 + 0-097 76 52 24 371 31-6 + 6-5 10-24 + 2-10 

10-50 + 0-61 57-56 + 2-18 0-18 + 0-01 0-948 + 0-087 311 302 10 256 3-2+1-0 1-15 + 0-38 

26-20+1-25 57-83 + 2-18 0-45 + 0-01 0-733 + 0-175 228 211 18 289 7-9+1-9 2-68 + 0-65 

41-50+1-38 61-48 + 2-55 0-68 + 0-04 0-585 + 0-050 264 234 33 291 12-5 + 2-2 4-15 + 0-76 

60-50 + 0-50 59-15 + 0-00 1-02 + 0-01 0-499 + 0-119 79 67 12 333 15-2 + 4-4 4-95+1-43 

90-00 + 0-00 62-53 + 2-15 1-44 + 0-05 0-341+0-051 100 67 33 360 33-0 + 5-6 11-13+1-95 

25-92+1-30 179-3 + 6-6 0-14 + 0-01 0-806 + 0-145 239 224 17 307 7-1 + 1-7 2-11+0-54 

40-53 + 0-91 186-4 + 4-8 0-22 + 0-01 0-491+0-072 221 199 31 312 14-0 + 2-5 3-37 + 0-72 

61-34+1-37 178-3+1-0 0-34 + 0-01 0-408 + 0-053 125 111 17 234 13-6 + 3-3 5-08+1-36 

90-32 + 0-27 180-6 + 4-3 0-50 + 0-01 0-232 + 0-093 362 291 77 246 21-3 + 2-4 8-86+1-05 

40-40 + 0-60 251-8 + 3-8 0-16 + 0-00 0-661+0-079 218 203 19 263 8-7 + 2-0 2-71+0-70 

59-95 + 0-05 258-8 + 2-8 0-23 + 0-00 0-432 + 0-008 185 158 32 280 17-3 + 3-1 5-63+1-09 

90-45 + 0-90 271-5 + 3-7 0-33 + 0-01 0-250 + 0-022 353 279 80 299 22-7 + 2-5 7-86 + 0-92 

SF, surviving fraction, plating efficiency of control was 55%; N, X, Y, P, total number of dishes, number of transformants of type 2 
or 3 (Reznikoff et at. 1973b, IARC/NCI/EPA Working Group 1985), number of dishes without transformants, number of cells per dish 
corrected for plating efficiency of unirradiated cells, or surviving fraction and plating efficiency of irradiated cells; XIN, transforma- 
tion rate per dish (IARC/NCI/EPA Working Group 1985) and its standard error, a (Hieber et at. 1987); TR, transformation rate per 
survivor (Han and Elkind 1979) and its standard error, a (Balccr-Kubiczek el at. 1987). 

tion, counted, diluted, and plated at concentrations 
estimated to result in either 250 viable cells per dish 
for the transformation assay, or 50 viable cells per 
dish for the cell survival assay. As in previous studies 
the growth medium was renewed at weekly intervals 
(2 weeks for survival assay and 8 weeks for transfor- 
mation assay). However, in the present experiments, 
medium with serum content reduced from 10 to 5% 
was used in the last three medium changes. As shown 
in Figure 1, this modified medium-change protocol 
has no effect on transformation frequency. 

Cell survival was determined by colony formation, 
while neoplastically transformed foci were identified 
according to published criteria (Reznikoff et al. 
1973a,b, IARC/NCI/EPA Working Group 1985). 
The end point of transformants per surviving cell was 
calculated by the null method of Han and Elkind 
(1979) with uncertainties determined according to 
our modified analysis (Balcer-Kubiczek et al. 1987). 
In addition, we determined the mean number of 
transformants per dish as recommended by IARC/ 

NCI/EPA   (1985)    with   uncertainties   calculated 
according to published methods (Hieber et al. 1987). 

2.3. Proliferation studies of irradiated and control cells 

Concurrently with several of the above studies, 
experiments were performed to compare prolifer- 
ation of cells taken to and from the reactor facility 
(90 and 40cGy, acute or a 4-5-h protraction) with 
those continuously maintained in our laboratory. 
Up to four cultures per condition per experiment, 
established as described above for transformation 
assay, were used to establish growth curves and to 
perform flow cytometry measurement of the DNA 
content. Growth curves were initiated by plating 500 
cells per 100-mm dish. Cell counts were obtained 
every 12 h for a period of 2 weeks. The results, 
summarized in Table 2, showed no difference in 
growth rates and in the cell cycle distributions 
between travelled and non-travelled cultures. 
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Table 2.    Proliferation parameters of C3H/10T| cells used in 
reported studies 

Travelled Laboratory 40 cGv 40 CGv 

Paramctert cells control (brief) (4-5 h) 

Cell cvcle distribution (' o) 
G2/M 12 10 14 12 

G2 
69 74 70 68 

S 19 16 16 20 
Doubling 

time (h) 18-8 + 0-3 19-2±0-2 nd nd 

t Cells were  processed  immediately after return  from  the 
reactor facility, nd. Not done. 

dose-rate   determinations   were   +3-1   and   3-6%, 
respectively. 

Recently, the radiation quality of the TRIGA- 
reactor neutron field has been characterized in terms 
of microdosimetric spectra (H. Gerstenberg, manu- 
script in preparation). The spectrum was calculated 
from a TRIGA neutron spectrum based on both 
measurements and calculations (Verbinski et al. 
1981a, b). Briefly, the mean values of lineal energy 
based on measured spectra using 1- or 8-/im dia- 
meter detectors, respectively, are: jF = 38-9keV//mi 
and jD = 70-5keV///m, or jF = 21 ■ 1 keV/jUm and 

jyD = 4T5keV//im. 

2.4. Dosimetry and irradiation 

Experiments were performed at the Armed Forces 
Radiobiology Research Institute (AFRRI) TRIGA 
Reactor Facility with fission neutron field optimized 
for low dose-rate studies. The technical descriptions 
of the neutron source and of the exposure facility were 
published previously (Moore and Elsasser 1986, 
Balcer-Kubiczek etal. 1988, Redpath <?<«/. 1991). The 
mean fluence-weighted neutron energy for this con- 
figuration is 0-68 MeV (Goodman 1985). 

Since our previous experiments, the lead shielding 
arrangement around the point of cellular exposure 
was redesigned to reduce the turnover time for 
samples from the previous 45 min to about 1 min, and 
reduce the y contamination by fully enclosing sam- 
ples with 5-cm lead shielding and by increasing the 
source-to-target distance, measured from the central 
axis of the reactor core, from 1 to 2 m, thus providing 
favourable conditions for the multiple protracted 
exposures required in the present study. The latter 
modification, suggested by one of us (G.H.H.), 
permits achieving dose-rates of <0-5cGy/min at 
correspondingly higher reactor power, leading to an 
improved neutron-to-total dose ratio. 

Dosimetric measurements were performed at the 
plane of cellular exposure prior to each of our 19 
experimental runs using the paired ionization 
chamber technique (ICRU 1976, AAPM 1980, 
Goodman 1985, Zeman et al. 1988). A tissue- 
equivalent (TE)-wall, methane-based TE-gas filled 
05-cm3 Exradin chamber was used to measure y and 
neutron events, whereas a 05-cm3 magnesium-wall, 
argon-filled chamber was used to measure the y 
events in the neutron-plus-y field. From the measure- 
ments made by the paired chambers, the portions of 
neutrons and y in the mixed field could be deter- 
mined. For the present irradiations, the ratio of 
neutron to total dose was 0-95+1-4% at all dose- 
rates. The instrumental uncertainties for dose and 

2.5. Statistical analysis 

At the total doses used in this study the survival 
level were >20%. Accordingly, a linear-quadratic 
equation — \nS=oc-d+ß-d2 was appropriate to 
analyse survival data. In the case of transformation 
data, several radiobiologically realistic relationships 
were tried, such as: 

T=a + b-d 

T=a + b-d+c-d2 

T=b-d+c-d2 

(1) 

(2) 

(3) 

where T is the incidence of transformation, d the 
dose, a, b and c are regression coefficients for the 
induction of neoplastic transformation. The calcu- 
lated best-fit curves were compared using several 
goodness-of-fit criteria. The coefficient of determina- 
tion was used to estimate the fraction of the total 
variance accounted by a model, and the model 
selection criterion (Akaike 1976) was used to evalu- 
ate least-squares fittings to competing models. Cal- 
culations were performed using commercial software 
(PSI-Plot, Poly Software Inc., 1993). 

Quantitative comparison of dose-response curves 
for cell transformation from our five protraction 
protocols was performed by multiple-regression 
analysis. We used this procedure to test specifically 
whether the high dose-rate regression line and pro- 
tracted irradiation regression lines could have come 
from populations with the same regression coeffi- 
cients (Kleinbaum et al. 1988, Peixoto 1993). Com- 
mercial software (MathCAD version 2-5, MathSoft, 
Inc., 1989) was used for interactive programming of 
F-value calculations from transformation data sets in 
Table 1 (see Appendix). 

In addition, the effect of dose protraction on 
survival or transformation was assessed by the dose- 
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Figure 2. Survival of C3H/10T| cells after irradiation with 
AFRRI TRIGA neutrons. Symbols correspond to the 
following patterns of exposure: O, acute; and •, 
T = 0-5h; ▲, T=lh; T, T = 3h; and ♦, t = 4-5h; T 

denotes irradiation times with the actual values listed in 
Table 1. 

rate modifying factors (DRMF), defined as the 
low: high dose-rate effect ratio at the same dose. 
Standard formulas were used to calculate the uncer- 
tainties in DRMF estimates shown in Figures 4 and 
5. The DRMF for survival or transformation were 
analysed by linear regression to determine whether 
or not they were independent of dose and dose-rate. 
The actual equations were: 

DRMF=a + b-d (4) 

DRMF=a + b-5 (5) 

where d the dose, <5 the dose rate, a, b are regression 
coefficients in Table 3. The /-values obtained from 
data analysis by the above equations (4) and (5) 
were compared with the tabulated values, as 
described in the Appendix. Required calculations 
were performed using commercial software (Math- 
CAD version 2-5, MathSoft, Inc., 1989). 

3. Results 

As shown in Table 1 and Figure 2, there were no 
significant effects of temporal dose distributions 
on   cell   survival.   The   shape   of  the   curve   was 

close to exponential with a linear coefficient a 
= (6-48+1-46) x 10~3cGy-1 and a quadratic coef- 
ficient ß= (1-03 + 0-25) x 10~4cGy-2. These results 
are in good agreement with observations from 
related experiments with high-LET radiations 
reported earlier by us (Balcer-Kubiczek et al. 1991, 
1993, Balcer-Kubiczek and Harrison 1991a) as well 
as others (Han and Elkind 1979, Hill et al. 1982, 
Hieber et al. 1987, Saran et al. 1991, Goodhead et al. 
1992, Komatsu^fl/. 1993). 

As in the earlier studies with cycling or stationary 
cultures of C3H/10Ti cells and TRIGA neutrons 
(Balcer-Kubiczek et al. 1988, and references cited 
above), the dose-response curve for transformation 
induction was well represented by two- or three- 
parameter models, given by the equations (1), (2) or 
(3), whether exposure-time groups were considered 
separately or pooled. However, the amount of data 
in each dose response set was too small to assert any 
model conclusively by the usual curve fitting. 
Multiple-regression analysis of all the transforma- 
tion data in Table 1 showed F=\-59, whereas 
/r095 (4,16) = 3-01     and     F0.99{4, 16) = 5-24    are 
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Figure 3. Neoplastic transformation of C3H/10T^ cells after 
irradiation with AFRRI TRIGA neutrons. Symbols 
correspond to the following patterns of exposure: O, 
acute; •, T = 05; A. i=lh; T, t = 3h; and ♦, 
T = 4-5h; T denotes irradiation times with the actual 
values listed in Table 1. 
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Figure 4. Dose-rate modifying factors for survival of 
C3H/10Ti cells plotted as a function of AFRRI TRIGA 
neutrons dose rate. Symbols correspond to the following 
patterns of exposure: •, T = 0-5 h; A, T = 1 h; Y, T = 3 h; 
and ♦, T = 4-5h; denotes irradiation times with the 
actual values listed in Table 1. 

required for differences among the means to be 
significant at the 5 and 1 % levels, respectively. Thus, 
we concluded that the five dose-response curves 
were satisfactorily homogeneous, and, consequently, 
that at a given dose there was no dependence of 
transformation response on dose protraction. 

Accordingly, we were able to pool the data from 
our five exposure time groups in determining dose 
dependencies in transformation induction. For the 
models (l)-(3), the goodness-of-fit measures had 
similar values: coefficients of determination 0-93- 
0-95, model selection criteria 2-5-2-8, correlation 
coefficients 0-94-0-95.   Predictably,  the  numerical 
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Figure 5. Dose-rate modifying factors for the induction of 
neoplastic transformation of C3H/10T-| cells plotted as a 
function of AFRRI TRIGA neutrons dose rate. Symbols 
correspond to the following patterns of exposure: •, 
T = 0-5h; A, T=lh; T, T = 3h; and ♦, T = 4-5h; 
denotes irradiation times with the actual values listed in 

Table 1. 

Table 3.    Linear regression coefficients and the test of indepen- 
dence for dose rate modifying factors (DRMF) 

bt t 

Survival 
DRMF versus dose 0-955 0-001 0-23 
DRMF versus dose-rate 0-975 0-071 0-60 

Transformation 
DRMF versus dose 0-961 -7xl0"4 0-18 
DRMF versus dose-rate 1-014 0-052 0-45 

a, intercept; b, slope; t value defined in Appendix. 
•fThe unit to be used with factor b is: for the dose-response 

relationships (cGy^1) and for the dose-rate-response relation- 
ships (min/cGy). Dose-rate modifying factors calculated from 
the data on survival or transformation (Table 1) are plotted, 
respectively, in Figures 4 or 5 as a function of dose-rate. 

values of regression coefficients depended on the 
model. Our best estimate of the initial slope based on 
the pooled data is 5-0-7-5 x 10~6cGy_1, and the 
mean weighted by the reciprocal of the variance is 
6-2 x 10~~6cGy_1. The solid line in Figure 3 repre- 
sents the best fit to the linear-quadratic equation (3), 
with the numerical solution b= (7-5 + 2-4) x 10 
cGy"1, and c= (2-4+ 1-9) 10~8cGy-2. Thus, if the 
statistical analysis is restricted to the initial part of 
transformation induction curve (<60cGy) a linear 
fit is an adequate representation, since the contribu- 
tion from the quadratic term is < 10%. 

To further confirm the above findings, dose-rate 
modifying factors for survival or transformation, 
shown in Figures 4 or 5, were tested for dependence 
on dose and dose-rate by the equations (4) and (5). 
Specifically, the dependence of DRMF on dose 
provides qualitative information about the basic 
form of dose-response curve obtained for different 
dose protraction patterns, relative to the basic form 
of dose-response curve obtained from a high dose- 
rate exposure at the same dose. The results of the 
numerical curve fitting of our four data sets to a 
straight line with the intercept a and the slope b 
(cGy~1 or min/cGy) are shown in Table 3. The last 
column in Table 3 lists lvalues of about 0-2 for 
dependence of DRMFs on the dose and of about 0-5 
for dependence of DRMFs on dose-rate. At a = 0-05, 
the critical /0>025(15) =2-131 and at a = 0-01, 
t0.005{l5) =2-947. Therefore, we are required to 
conclude that, at the 5 or 1 % levels of significance, 
the DRMFs were independent of both the dose-rate 
and dose; that is, the basic forms of dose-response 
curves are the same. Intuitively, the same conclusion 
can be reached by observing that both the intercepts 
and the mean values of DRMFs are close to unity; 
for survival and transformation they were respect- 
ively: 1-01 (0-92, 1-09) and 0-98 (0-83, 1-08), where 
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the numbers in brackets are 99% confidence limits. 
By inspecting Figures 4 and 5, an additional obser- 
vation can be made that the quality of the transfor- 
mation data can be quite good, comparable with the 
quality of survival data. Thus, the scatter in transfor- 
mation data sets should not be relied upon in 
justifying a wide range of model-based speculations 
(Brenner and Hall 1990, 1992, Hall 1991). 

4. Discussion 

In this report cell survival and the induction of 
neoplastic transformation were studied after fission 
neutron irradiations at up to five exposure durations 
per dose. Such an experimental design, the first 
reported for high-LET radiation studies, permitted 
direct examination of the dose-rate influence on 
these end points at multiple dose rates. The dose-rate 
range included single values of dose rate 
^0-5cGy/min previously studied in this and other 
laboratories using the constant dose-rate approach. 
The reference acute irradiations were performed 
concurrently with protracted irradiations at the 
same dose. Identical protocols were used in all 
irradiations, including media composition, age and 
proliferative state of cultures, initial plating densities 
and the numbers of dishes, thus providing statisti- 
cally acceptable conditions for testing the null 
hypothesis that, at the same dose, there was no 
difference in the effectiveness of fission neutrons due 
to differences in the temporal pattern of exposure. 

Technical limitations in the present study pre- 
cluded investigations of neutron doses of < 10 cGy, a 
limitation that also applies to most (Hill et al. 1982, 
1984, Balcer-Kubiczek et al. 1988, Coggle 1988, 
Miller et al. 1990, 1993, Hill and Zhu 1991, Miller 
and Hall 1991, Saran^a/. 1991) butnotallzMMzwand 
in vitro studies of radiation carcinogenesis (Ullrich 
1984, Balcer-Kubiczek and Harrison 1991a). Never- 
theless, two interesting and potentially important 
results emerged from the present investigations. First, 
we confirmed that the dose-response curves for 
survival and transformation at doses < 1 Gy are best 
described by a linear equation or, possibly, a linear- 
quadratic equation with a weak positive quadratic 
term. Similar to previous results with exponential or 
plateau cultures of C3H/10Ti cells and TRIGA 
neutrons (Balcer-Kubiczek and Harrison 1991a) as 
well as with some other neutron sources (Coggle 
1988, Saran et al. 1991, Komatsu et al. 1993), we did 
not observe 'supralinearity' in the dose-response 
curve for transformation, often associated with the so- 
called 'inverse dose-rate effect' reported for y-, X-rays 
(Borek and Hall 1974, Miller and Hall 1978, Little 

1979, Hall and Miller 1981) and fission neutrons 
(Hill et al. 1982, Ullrich 1984). Indeed, models by 
Rossi (1981), Rossi and Kellerer (1986), Burch and 
Chesters (1986), Brenner and Hall (1990) and Elkind 
(1991) show, either directly or by implication, that 
the enhancement of an effect due to protraction may 
occur in a dose range where a dose-response curve 
has a fine structure such, for example, has a locally 
negative (convex) curvature; 'bending down' seg- 
ments of response curves after brief and/or protracted 
exposures to low and high LET radiations were 
reported for neoplastic transformation, animal carci- 
nogenesis and, more recently, for mutation induc- 
tion, but not cell survival or mortality (Miller and 
Hall 1978, 1991, Little 1979, Hall and Miller 1981, 
Hill et al. 1982, Ullrich 1984, Bettega et al. 1992, 
Tauchi et al. 1993). Thus, our second important result 
that, at a given dose, survival or transformation did 
not vary with a temporal pattern of exposure, can be 
seen as a direct consequence of the first result, just 
discussed above, that dose-response curves for neu- 
trons are linear < 1 Gy. Similar conclusions were 
published by Coggle (1988) based on the analysis of 
rodent carcinogenesis data. 

Recently, several interpretations of locally com- 
plex dose-response curves and the inverse dose-rate 
effect have been proposed (Rossi and Kellerer 1986, 
Dennis and Dennis 1988, Sykes and Watt 1989, 
Brenner and Hall 1990, Elkind 1991, Watt 1992). 
Most of these models are an extension of an idea 
(Oftedal 1968) that there is a time period in the cell 
cycle during which cells are more susceptible to 
transformation (or mutation; Tauchi et al. 1993) than 
at other times. A corollary is that for exponentially 
growing cultures with the same distribution of cells 
throughout the cell cycle at the beginning of expo- 
sure, different distributions and, therefore, different 
fractions of the hypersensitive cells are expected at 
the end of protracted versus brief exposures. At 
present, there is no agreement among the models as to 
a duration (Rossi and Kellerer 1986, Brenner and 
Hall 1990, Elkind 1991, Harrison and Balcer- 
Kubiczek 1992, Watt 1992) or a specific location of 
the sensitive period within the cell cycle (Brenner and 
Hall 1990, Elkind 1991, Cao et al. 1992, Komatsu 
et al. 1993, Miller et al. 1993, Tauchi et al. 1993), but 
periods of sensitivity lasting from a few seconds or less 
to about 1 or 2 h can be inferred, as discussed below. 
Although the present study was concerned with 
investigation of dose-rate effects of fission neutrons 
rather than with testing the biophysical models cited 
above, our measurements of the cell cycle distribu- 
tions of control and irradiated cells (Table 2) argue 
directly against the validity of these notions. Inde- 

pendently, quantitatively similar results and conclu- 
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sions, based on experiments with fission neutrons 
(Saran et al. 1993) and with monoenergetic neutrons 
of several different energies (0-5, 1-0 and 6-0 MeV) 
(Pazzaglia el al. 1993), were recently reported for 
control and neutron-irradiated C3H/10T^ cells. 

In experimental investigations of dose-rate or 
dose-fractionation effects, it is important to ascertain 
whether the variability of a response can be attri- 
buted to a pattern of exposure and not merely the 
scatter of data. Figures 4 and 5 show enhancements 
(and reductions) of less than a factor of 2 at several 
dose-rates, such as are reported by some investiga- 
tors as the inverse dose-rate effect. However, in 
contrast with our present report, these other con- 
stant dose-rate studies were limited to, at best, two 
dose-rates (Hill el al. 1982, Hill and Zhu 1991, Miller 
and Hall 1991, Redpath el al. 1991) and/or a narrow 
range of doses, including measurements at a single 
dose (Ullrich 1984, Hill and Zhu 1991, Miller el al. 
1991, 1993, Redpath el al. 1991); consequently, these 
results do not lend themselves to rigorous analysis by 
conventional statistical methods such as presented 
here, nor to the analysis by multiparameter models, 
such as those proposed for transformation data by 
Burch and Chesters (1986), Rossi and Kellerer 
(1986) or Brenner and Hall (1990). 

We examined the latter model analytically (Harri- 
son and Balcer-Kubiczek 1992) with the intention of 
applying the model to our transformation data for 
TRIGA neutrons (Balcer-Kubiczek etal. 1988, 1991, 
Balcer-Kubiczek and Harrison 1991a, and this 
report) and found a lack of a single-valued solution 
for the duration of the postulated transformation- 
susceptible portion of the cell cycle for neutrons 
(Figures 1 and 2; Harrison and Balcer-Kubiczek 
1992); this is in contrast with conclusions published 
by these authors that the model predicts a single 
sensitivity period of 1-02 +0-25 h. Our subsequent 
examination of the mathematical determination of 
model input parameters from experimental data 
(Balcer-Kubiczek and Harrison 1992) revealed an 
additional caveat, that the prediction of the inverse 
dose-rate for transformation by neutrons requires an 
unrealistically low value of frequency mean lineal 
energy, such as,jF= 1 keV/^m (in an 8-/im diameter 
cavity) for fission neutrons. As shown here, this 
assumption is out of line for TRIGA neutrons with 
jF = 21-2keV//um. In the case of other neutron 
sources, for JANUS neutronsjF = 42 keV//im, and for 
6-MeV monoenergetic neutrons yF= 18-7 keV/^im in 
an 8-fim site, which is similar to yF for TRIGA 
neutrons (H. Gerstenberg, manuscript in prep- 
aration), whereas jF=l or 15-7keV/,um were, re- 
spectively, assumed in the model calculations 
(Brenner and Hall 1990); thus, depending on neu- 

tron source, the model input variablejF was underesti- 
mated by up to a factor of 40, so it follows that the 
magnitude of the inverse dose-rate for these sources 
was overestimated by correspondingly similar factors. 
Applied to our present data, this means that, based 
on the Brenner and Hall model, no enhancement can 
be expected in exponentially growing cultures of 
C3H/10T^ cells even at dose rates <0-5cGy/min in 
the dose range examined. To further illustrate the 
impact of the higherjF on this model, we note that no 
dose-rate effect can be predicted to occur in neutron 
doses and dose-rates relevant to radiation protection. 
Specifically, to use the example in Brenner and Hall 
(1990), no enhancement for fission neutrons can be 
expected at 0-5 cGy and adose-rate= 10"6cGy/min. 
In fact, we calculated that in order to obtain the two- 
fold transformation enhancement for fission neutrons 
at this dose-rate, the total dose would have to be 
50cGy. Assuming a quality factor of 10, this corre- 
sponds to the dose which is 100 times the annual 
effective occupational dose permitted by current US 
standards. 

In summary, it seems reasonable to conclude from 
the present direct comparisons of cell survival, trans- 
formation and age distributions of control and irra- 
diated cells, as well as by examining assumptions in 
biophysical models of the inverse dose-rate effect, 
that there is no real, in a statistical sense, modifica- 
tion of these end points by extending the duration of 
fission neutron exposure or, equivalently, by lower- 
ing the fission neutron dose-rate. 
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Appendix 

The following methods are independent of any 
model assumptions for error calculation of surviving 
fractions, transformation frequency or derived 
qualities. 

Al.   Test of independence 

One criterion of independence is that the mean 
DRMF is the same for each value of dose or dose- 
rate, which in the case of linear regression, requires 
that the slope equals 0. To test for independence of 
DRMF, we calculated: 

H0: bl = b2 -b3 = b4.-- -0, 

(b-O)-S, 1 

dy.X 

where b is the slope, n the number of observations, 
and Sx and Sy.x have the usual meaning (Dixon and 
Masey 1957), and compared its value with the 
/-distribution. The null hypothesis: b = 0 can be 
rejected at the oc-level of significance, and the two 
variables are said to be dependent, if <</1/2.a(n —2) 
or if<X1_1/2.a(K-2). 

A2. Multiple-regression analysis 

This section will provide explicit formulas and 
mathematical procedures used in the multiple- 
regression analysis of transformation data graphed 
in Figure 3. They are also suitable for a similar 
analysis of any results, if the assumption can be made 
that all the curves have a coinciding intercept; in the 
present case, this is a reasonable expectation since 
the intercept, by definition, is the spontaneous trans- 
formation frequency. 

We consider our exposure-time groups, i(i = 0, 1, 
2, 3, 4), where i = 0 denotes an arbitrary reference 
group, chosen here to be the high dose-rate group, 
and separate independent variables xk(k = 1, 2, 3, 4), 
such that xk=l, if group k, and =0 otherwise. The 
multiple-regression equation or 

'full' model: T= a + d- b0 + Xy ■ d • by + ■ ■ ■ + x4 ■ d ■ bA 

has six independent multiple-regression coefficients 
to be found. A regression coefficient such as by, 
denotes the regression coefficient of T on variable Xy 
that one would expect to obtain if other variables in 
the 'full' model equation x2, x3 and x4 had been held 
constant experimentally. Thus, the 'full' model for 
group 1: T=a + d- b0 + Xy- d- by, for group 2: T 
= a + d- b0 + x2- d- b2, etc. The null-hypothesis is, 

and, accordingly: 

H0 model: T= a + d- b0. 

It should be noted that the above equation doses 
not imply that the actual relationship between trans- 
formation frequency and the dose is linear, but 
rather than a linear approximation explains a sig- 
nificant amount of variability in T over the range of 
d values, which is true in the case of our data. 

The procedure compares the calculated F to the 
^«(^1)^2) distribution with the appropriate 
numbers of degrees of freedom; the symbols have the 
following definitions: \iy = (n — 2) — (n — 6), fi2=n — 6 
are degrees of freedom in the numerator and 
denominator, respectively, a = the cumulative prob- 
ability, n = the number of observations in all groups, 
and 

[SSE{H0 modd)—SSE ('full' model)J/^ 

~ SSE ('full' model)\\i2 ' 

where SSE = sum of squared sampling errors, defined 
just below. 

Let ttj = observed transformation response of zth 
group atj'th dose, and dj=j th dose. 

For H0 model: SSE=T.[tij- {a + dy b0)f, 

where summation is performed over groups, 
i{ = 0, 1, ..., 4) and data points in the combined set, 
j(= 1, ..., 22 for our data set; Table 1). 

For 'full' model: SSE = TT ■ T-TT • X • ß, 

where the matrix X is defined below, T denotes a 
vector constructed from ttj values, and ß denotes a 
vector constructed from multiple-regression coeffi- 
cients found by solving the following matrix 
equation: 

1  dy    0 0 0 0 lo,i 

'0,2 

H,l 

M-, 1 

^4,2 

'4,3. 

1 d2   0 0 0 0 

14   10 0 0 

1 d20 0 0 0 1 

1 d2y 0 0 0 1 

1 d22 0 0 0 1 

a 

bo 

b2 

h 

ß 
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This equation has the solution: 

/J=(XT-X)"1(XT-T) 

which is then used to determine SSE for 'full' model 
and, finally F. For the present data: b0= -0-433, 
^ = 0-103, Ä2 = 0-222, £3= -0-363, £4 = 0-354, and 
b5= -0-981. The sign change in multiple-regression 
coefficients indicates that both up and down adjust- 
ments in groups 1 (z = 0-5h), 2 (t=lh), 3 (r = 3h), 
4 (t = 4-5h) are required, consistent with small 
^-values which, in turn, corresponds to a high 
probability that the same curve holds for the data. 
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To characterize the effect of 60Co gamma radiation on cell-cell and pathogen-cell interactions, the adherence of 
undifferentiated HL-60 cells to HUVEC monolayers was tested in the absence and presence of LPS or influenza 
virus type A. Basal HL-60 cell adherence to uninfected HUVEC monolayers (3.0 ± 1.6%, n = 30) was not altered 
when HUVECs were exposed to 1 - to 10-Gy gamma irradiation 4 to 72 h before the adhesion assay. LPS treatment 
of HUVEC monolayers (0.5 ^g/ml, 4 h) produced a 6.9-fold increase in adherence that was not altered by previous 
irradiation. However, when HUVEC monolayers were subjected to 1-10 Gy 41 h before influenza virus infection 
(106 pfu/ml) for 7 h, virus-induced adherence was enhanced in a dose-dependent manner. Increased virus hem- 
agglutinin (HA) protein expression mediated the radiation-induced adherence for the following reasons: 1) HA Ag 
increases paralleled increases in leukocyte adherence. 2) Northern blot analysis demonstrated a time-dependent 
increase in mRNA HA levels. 3) Anti-HA blocked HL-60 cell adherence to irradiated and virus-infected HUVEC 
monolayers. These changes were associated with an increased virus titer yield and virus-induced HUVEC killing. 
In contrast, cytotoxicity produced by vesicular stomatitis virus, which unlike influenza virus replicates cytoplas- 
mically, was not altered by radiation in HUVECs. In related studies, the canine kidney epithelial (MDCK) cell line 
showed a similar increased influenza virus production after gamma radiation, indicating that the radiation-induced 
increase in production of influenza virus is not cell-specific and probably involves a nuclear mechanism. The 
Journal of Immunology, 1994, 153: 5222. 

Increased susceptibility to bacterial and viral infec- 
tions is common after exposure to therapeutic doses 
of ionizing radiation. Oral ulcerations caused by her- 

pes simplex reactivation are associated with head and neck 
radiation (1-2), and both herpes (3-4) and cytomegalo- 
virus (5) infections occur after total body irradiation. Al- 
though it is often assumed that the increased susceptibility 
to infections after radiation is primarily a result of radia- 
tion-induced leukopenia (6), other radiation-induced changes 
may contribute to the increased incidence of infection. For 
example, radiation-induced damage to epithelial and endo- 
thelial cells can enhance leukocyte-cell interactions leading to 
further breakdown of anatomical barriers and pathogen infil- 
tration. An in vivo radiation study has reported an increased 
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vascular permeability associated with enhanced leukocyte 
"sticking" and infiltration within hours of irradiation (7). 
Similarly, in vitro studies have demonstrated that production 
of leukocyte chemoattractants (8) and neutrophil adhesion to 
bovine aortic endothelial cells are increased 4 h after expo- 
sure to 5-Gy gamma radiation (9). 

Virus infection in the absence of radiation exposure pro- 
motes leukocyte-cell interactions and can lead to break- 
down of both epithelial and endothelial cell barriers (10). 
In vitro studies of cultured endothelial cells have demon- 
strated that infection by a variety of viruses, including her- 
pes simplex virus, cytomegalovirus, adenovirus, or influ- 
enza virus enhances the interaction between leukocytes 
and endothelial cells (11-15). Although Etingin et al. (13) 
have demonstrated an indirect role of viral glycoprotein C 
in the herpes simplex virus-induced monocyte adherence, 
we have shown that influenza virus glycoprotein, hemag- 
glutinin (HA),3 directly mediates leukocyte adherence to 
influenza virus-infected endothelial cells (15). The exper- 
iments presented in this paper examined whether exposure 

3 Abbreviations used in this paper: HA, hemagglutinin; VSV, vesicular stoma- 
titis virus; pfu, plaque-forming unit; BAEC, bovine aortic endothelial cell. 
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of endothelial cells to ionizing radiation affects their sub- 
sequent susceptibility to virus infection and virus-induced 
leukocyte adherence. We demonstrate that, although ad- 
herence to endothelial cell monolayers was unchanged 4 to 
72 h after gamma irradiation (1 to 10 Gy), exposure of 
endothelial cells to ionizing radiation before influenza vi- 
rus infection augmented the virus-induced adherence. Fur- 
thermore, increased virus titer and augmented virus-in- 
duced cell killing after irradiation indicate that radiation 
increases the susceptibility of endothelial cells to influenza 
virus infection. Similar results were also noted in Madin- 
Darby canine kidney (MDCK) epithelial cells, suggesting 
that radiation exposure increases the sensitivity of a vari- 
ety of cell types to influenza virus infection. 

Materials and Methods 

Cell culture 

Isolation, harvest, and identification of HUVECs have been previously 
described by Colden-Stanfield et al. (15). HUVECs were seeded in col- 
lagen-coated culture vessels with complete MCDB107 culture medium 
(American Biorganics, Inc., Niagara Falls, NY) containing 10% heat- 
inactivated FBS (HyClone Laboratories, Inc., Logan, UT), 100 U/ml pen- 
icillin, 100 fig/ml streptomycin, 2 mM glutamine (all from Life Tech- 
nologies Inc., Grand Island, NY), 100 ju.g/ml heparin (Sigma Chemical 
Co., St. Louis, MO), and 50 fig/ml endothelial cell growth supplement 
(H-Neurext, Upstate Biotechnology, Inc., Lake Placid, NY). Experimen- 
tal data were obtained from HUVECs in their second to sixth passages, 
which were 1 to 2 days postconfluent. 

Human HL-60 promyelocytic leukemia cells (23rd to 27th passage; 
American Type Culture Collection (ATCC), Rockville, MD) were pre- 
dominantly used in the undifferentiated state to assess leukocyte-endo- 
thelial cell adherence. The cell line was grown in suspension with RPMI 
1640 medium (Life Technologies, Inc.) containing 10% heat-inactivated 
FBS, 100 U/ml penicillin, 100 (xg/ml streptomycin, 200 ^ig/ml neomy- 
cin, and 2 mM glutamine. Some experiments were repeated with HL-60 
cells differentiated to neutrophil-like cells (dibutyryl cAMP 500 fiM for 
48 h; Ref. 16) and freshly isolated human neutrophils to corroborate our 
results with undifferentiated HL-60 cells. 

The MDCK epithelial cell line (ATCC) was used as a positive control 
in several experiments because it is well established that these cells are 
infected by influenza and vesicular stomatitis viruses (VSV) (17-18). 
MDCK cells were grown in DMEM medium (Life Technologies, Inc.) 
containing 10% heat-inactivated FBS, 100 U/ml penicillin, 100 jig/ml 
streptomycin, 2 mM glutamine, and 5 mM glucose. Experimental data 
was obtained from confluent MDCK monolayers in their 27th to 30th 
passage. 

Radiation protocol 

Confluent HUVEC monolayers were grown in complete medium in 96- 
or 24-well plates (Corning Co., Corning, NY). The plates containing the 
HUVEC monolayers were uniformly irradiated, to total doses of 1 to 10 
Gy at a dose rate of 1 Gy/min, in a bilateral gamma radiation field at the 
Armed Forces Radiobiology Research Institute 60Co facility (19). 
HUVEC monolayers transported to the cobalt facility, but not irradiated, 
served as control, sham-irradiated monolayers. Cultures were incubated 
at 37°C for 4, 7, 24, 48, or 72 h in a 5% C02-humidified incubator. 
Dosimetry measurements were performed in accordance with the Amer- 
ican Association of Physicists in Medicine protocol for the determination 
of absorbed dose from high energy photon and electron beams (20). 

Virus preparation and infection 

The WSN (H1N1) strain of influenza virus type A was grown in the 
MDCK cell line as previously reported (21). Stock virus was titered at 
4 X 10s plaque forming units/ml (pfu/ml) in MDCK cells, and stored in 
liquid nitrogen until needed. Endothelial cells were infected by adding 

influenza virus (at a multiplicity of infection of 1 pfu per cell, 106 pfu/ml, 
unless otherwise stated) in complete MCDB107 to HUVEC monolayers. 
After 1 h of adsorption at 37°C in a 5% C02-humidified incubator, the 
medium was aspirated and rinsed once before fresh complete MCDB107 
was added to each well. 

VSV (Mudd-Summers strain, Indiana serotype) was kindly provided 
to us by Mark Akeson, National Institute of Mental Health, Bethesda, 
MD, and stored frozen (-70°C) at a titer ~109 pfu/ml. HUVEC mono- 
layers were infected by adding VSV (2 X 106 pfu/ml) in complete 
MCDB107 in the presence of DEAE-dextran (100 /xg/ml), which en- 
hances VSV infectivity (22), for 30 min in a 37°C incubator. After the 
adsorption period, HUVEC monolayers were washed once to remove 
unbound virus and refed with complete medium. Successful VSV infec- 
tion was confirmed by ELISA analysis of VSV G surface protein ex- 
pression 5 h after infection, monitored by using anti-G mAb as described 
by Lefrancois and Lyles (23). 

Adhesion assay 

HUVECs (30 X 104 cells/well) were seeded in collagen-coated 24-well 
plates 24 to 48 h before the confluent monolayers were either sham- or 
gamma irradiated. At various times after irradiation, some HUVEC 
monolayers were influenza virus-infected for 7 h before 51Cr-labeled 
HL-60 cells (0.5 X 106 cells/well) suspended in DMEM/5% FBS were 
added to the HUVEC monolayers for 30 min at 37°C in a 5% C02- 
humidified incubator. Unbound HL-60 cells were aspirated, and the 
HUVEC monolayers were washed five times with assay medium before 
the remaining adherent cells were lysed with 1 N NH4OH. The lysate and 
a second wash with NH4OH were transferred to vials for subsequent 
radioanalysis with the use of an LKB 1282 COMPUGAMMA Counter 
CS (LKB Wallac, Turku, Finland). The percentage of HL-60 cell adher- 
ence was calculated as: 

% adherence = (cpm test HL-60 cells) - (cpm NH4OH) 

- (cpm total HL-60 cells) - (cpm NH4OH) X 100    (1) 

mAb 

Murine mAb H17-L19 (IgGl), which blocks the RBC binding site on the 
globular head of the viral glycoprotein HA, was produced from a hy- 
bridoma provided by Dr. W. Gerhard (Wistar Institute, Philadelphia, 
PA). Control murine mAb, W6/32 (IgG2a; Accurate Chemical & Scien- 
tific Corporation, Westbury, NY), which recognizes an HLA-A, -B, -C 
determinant constitutively expressed on HUVECs, was used as a non- 
relevant binding Ab. 

Detection of cell surface Ags 

As we have previously described (15), surface Ag expression was mea- 
sured by using an ELISA. Uninfected or influenza virus-infected 
HUVEC monolayers that had been previously exposed to sham radiation 
or gamma radiation were paraformaldehyde-fixed and then incubated 
with PBS/1% BSA for 30 min at room temperature to block nonspecific 
binding. Each subsequent step of the ELISA was conducted at room 
temperature with three washes of PBS/1% BSA between steps. The fixed 
monolayers were incubated in turn with a saturating concentration of 
anti-HA or anti-HLA and a peroxidase-conjugated goat anti-mouse IgG 
(Sigma Chemical Co.) for 1 h. O-phenylenediamine (0.4 mg/ml)/0.012% 
hydrogen peroxide in a 0.05/0.025 M phosphate/citrate buffer, pH 5.0, 
was added to each well. Color development was stopped with 3 M H2S04 

at 20 min, and the OD was read at 492 nm wavelength on a Titertek 
ELISA plate reader (ICN Biomedical, Costa Mesa, CA). The degree of 
specific Ag expression was calculated by subtracting nonspecific binding 
of the secondary Ab from all test values. 

RNA isolation and Northern blot analysis 

At 0, 24, or 48 h after sham or 10-Gy irradiation, HUVEC monolayers 
were mock- or influenza virus-infected for 24 h. Total RNA was isolated 
from the six groups of HUVEC monolayers by using a single step pro- 
cedure (24) at 1, 2, or 3 days after irradiation. Northern analysis, with the 
use of a dot blot vacuum technique (25), was conducted. Filters were 
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prehybridized overnight at 42°C in 0.25 M Na2HP04 (pH 7.2), 1 mM 
EDTA, 20% SDS, and 5% BSA (26). The cDNA probe for the HA gene 
(a gift from Dr. Mary-Jane Gething, Howard Hughes Medical Institute, 
University of Texas Southwestern Medical Center at Dallas, Dallas, TX) 
was digested, purified, and radiolabeled by nick translation with 
[35S]dATP. The nitrocellulose filters were hybridized overnight at 42°C 
with 2.5 ng/ml nick translated HA cDNA in prehybridization buffer. Fil- 
ters were washed twice for 15 min each time at room temperature in IX 
SSC/0.1% SDS, then twice for 15 min each at room temperature in 0.25X 
SSC/0.1% SDS before exposure to x-ray film. The films were scanned 
with a Molecular Dynamics Laser Densitometer (Sunnyvale, CA) with 
density volumes calculated using the associated ImageQuant software. 
Data were normalized to ß-actin mRNA levels. 

Virus titration assay 

To determine the effect of gamma radiation on influenza virus produc- 
tion, we performed a HA assay (27) with virus progeny harvested from 
sham or 10 Gy-irradiated, infected HUVEC monolayers. Twenty-four 
hours after HUVEC monolayers were sham or 10 Gy-irradiated, they 
were infected with influenza virus (1.5 X 107 pfu total). At 24 h postin- 
fection the monolayers were subjected to three freeze/thaw cycles to 
release all virus into the culture medium. After an ultracentrifugation 
step, serial dilutions of the virus progeny (100 ix\) were incubated with 
100 /xl of human Type O RBCs in a 96-wel! U-bottom plate for 45 min 
at room temperature. Virus-RBC complexes settle in the form of a lattice, 
whereas unbound RBCs settle to the bottom of the well as a compact 
pellet. 

Assessment of cell viability 

Cell viability was assessed by using the ability of live cells to hydrolyze 
the membrane permeable probe (calcein-AM) to a fluorescent product 
(calcein) (Molecular Probes, Inc., Eugene, OR). HUVEC monolayers 
plated in 96-well plates that had been sham or 10 Gy-irradiated were 
infected with either influenza virus or VSV for 24 h. At various times 
postirradiation, endothelial cell monolayers were rinsed with PBS (with- 
out calcium and magnesium) before calcein-AM (1 fiM) was added to 
each well. After a 30-min incubation at room temperature, the fluores- 
cence was monitored (485 nm excitation/530 nm emission) on a Cyto- 
Fluor 2350 fluorescence plate reader (Millipore, Marlborough, MA). The 
following formula was used to calculate percentage of viable cells: 

% cell viability = experimental signal - minimum signal 

H- maximum signal - minimum signal X 100    (2) 

where the minimum signal is the calcein signal from dead cells (saponin- 
treated 50 fig) and the maximum signal is the calcein signal from control 
cells. 

Data analysis 

To test the effects of gamma radiation on HL-60 cell adherence, surface 
Ag expression, and virus-induced cell killing, the Student's r-test and, in 
some instances, a Mann-Whitney statistical analysis, was used with sig- 
nificance set at p £ 0.05. 

Results 

Exposure to 60Co gamma radiation does not alter 
basal leukocyte adherence to endothelial cell 
monolayers 

The dose-response of HL-60 cell adherence to HUVEC 
monolayers was determined 48 h after gamma irradiation 
of HUVEC monolayers. Basal undifferentiated HL-60 cell 
adherence to sham-irradiated HUVEC monolayers was 
3.0 ± 1.6% (mean ± SEM, n = 30; Fig. 1, A and B, A, A). 
Previous exposure of endothelial cells to single gamma 
radiation doses up to 10 Gy did not alter basal HL-60 cell 
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FIGURE 1. (A) Dose-response of basal HL-60 cell adher- 
ence to HUVEC monolayers 48 h after gamma irradiation 
and (ß) time course of basal HL-60 cell adherence to 10 
Cy-gamma irradiated HUVEC monolayers. Each point repre- 
sents the mean ± SEM of six replicates in a representative 
experiment of three separate experiments. A, A denote leu- 
kocyte adherence to sham-irradiated HUVEC monolayers. In 
this graph and all subsequent graphs, error bars are omitted 
when smaller than the size of the symbol. 

adherence (Fig. L4). There was no effect of radiation on 
adherence as early as 4 h and as late as 3 days after radi- 
ation exposure of HUVEC monolayers (Fig. IB). 

These results contrast with those of Dunn et al. (9) who 
reported an increase in human neutrophil adherence 4 h 
after exposing bovine aortic endothelial cells to 5-Gy 
gamma radiation. Thus, to directly compare our results to 
those of Dunn et al. (9) and to determine whether these 
observations extended to related cell types, we assessed 
the adherence of undifferentiated HL-60 cells, neutrophil- 
like, cAMP-differentiated HL-60 cells or human neutro- 
phils to irradiated bovine aortic endothelial cell (BAEC) 
monolayers as well as to HUVEC monolayers (Table I). 
Similar to our data on HUVEC monolayers, undifferenti- 
ated HL-60 cell adherence to bovine endothelial cell 
monolayers was unaffected by gamma irradiation. Further- 
more, although there was an increase in the basal adher- 
ence of both cAMP-differentiated HL-60 cells and human 
neutrophils to HUVECs compared with undifferentiated 
HL-60 cells, radiation exposure of the HUVEC monolay- 
ers had no effect on basal levels of adherence. A similar 
lack of effect of radiation was noted in studies on BAECs. 
Additionally, increasing the radiation dose to 10 Gy failed 
to change basal undifferentiated HL-60 cell, cAMP-differ- 
entiated HL-60 cell, and neutrophil adherence to HUVEC 
monolayers (data not shown). 

Gamma radiation does not affect LPS-induced 
leukocyte adherence but enhances influenza 
virus-induced leukocyte adherence to 
endothelial cell monolayers 

Exposing HUVEC monolayers to LPS, a well known pro- 
moter of leukocyte adherence (28-29), produced a 6.9- 
fold increase in HL60 cell adherence that was not affected 
by previous gamma irradiation (Table II). ELISA analysis 
of the endothelial adhesion molecules, E-selectin and 
ICAM-1, which mediate the LPS-induced adherence, re- 
vealed no change in Ag expression after irradiation (data 
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Table 1.    Percentage of leukocytes adhering to y-irradiated endothelial cell monolayers3 

BAEC Monolayers HUVEC Monolayers 

Cells Sham, 0 Gy 5 Gy 4 h pi'' 5 Gy 48 h pi Sham, 0 Gy 5 Gy 4 h pi 5 Gy 48 h pi 

Undifferentiated HL-60s 3.52 ± 0.32 (4)  4.21 ± 0.38 (4)   4.28 ± 0.37 (2)     2.04 ± 0.25 (4)     2.40 ± 0.37 (2)     2.00 ± 0.33 (4) 
cAMP-differentiated HL-60s   3.72 ± 0.30 (2)   5.35 ± 0.65 (2)   5.38 ± 0.64 (2)     6.82 ± 0.96 (2)     5.74 ± 0.35 (2)     7.24 ± 0.96 (2) 
Human PMNs 4.09 ± 0.20 (2)   4.30 ± 0.23 (2)   3.98 ± 0.53 (2)   14.97 ± 0.78 (1)   13.69 ± 0.59(1)   15.11 ±0.92(1) 

' Values are means ± SEM. The number of separate experiments each with six replicates is in parentheses. Adherence of 51Cr-labeled undifferentiated or 
cAMP-differentiated HL-60 cells or freshly isolated human neutrophils to sham- or 5 Gy-irradiated BAEC or HUVEC cell monolayers was measured as described 
in the Materials and Methods section. 

bpi denotes postirradiation. 

Table II.    Percentage of undifferentiated HL-60 adherence to 
HUVEC monolayers'1 

100 

Treatment 0 Gy, Control 10 Gy 

Control 
LPS treated 
Influenza infected 

3.24 
22.21 
59.72 : 

0.30 (8) 
0.92 (2)* 
0.61 (8)* 

3.73 ± 0.67(8) 
22.56 ± 0.58(2)* 
80.21 ± 0.92 (8)* 

* Values are mean ± SEM. The number of separate experiments each with 
six replicates is in parentheses. Control, LPS-treated (0.5 ^ig/ml, 4 h)- or virus- 
infected (10b pfu/ml, 7 h) HUVEC monolayers were exposed to sham or 10-Gy 
irradiation 48 h before the adhesion assay was performed. 

* signifies a statistical difference (p s 0.05) compared to the corresponding 
control group. 

* denotes a statistical difference compared with the sham-irradiated, influ- 
enza-infected group. 
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FIGURE 2. Dose response of HL-60 cell adherence to un- 
infected (O) or influenza virus-infected (•, 7 h postinfection) 
HUVEC monolayers 48 after gamma irradiation of the endo- 
thelial cells. A and A signify adherence to sham-irradiated 
mock-infected and influenza virus-infected HUVEC mono- 
layers, respectively. Each point represents the mean ± SEM 
of six replicates in a representative experiment of three sep- 
arate experiments. *denotes a statistical significance between 
the infected, sham-irradiated HUVEC group and the infected, 
irradiated HUVEC monolayers. 

not shown). However, ionizing radiation had a profound 
effect on HL-60 cell adherence to HUVEC monolayers 
subsequent to influenza virus infection (Table II). We have 
previously demonstrated that influenza virus infection of 
HUVEC monolayers produces a time- and concentration- 
dependent increase in HL-60 cell adherence (15) (Fig. 2, 
A). Irradiation of HUVEC monolayers 48 h before the 
adhesion assay produced a dose-dependent augmentation 
of influenza virus-induced HL-60 cell adherence (Fig. 2). 
A single 10-Gy dose produced a 34.3% enhancement of 
virus-induced HL-60 cell adherence. At 24 h, 10 Gy sig- 
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FIGURE 3. Time course of HL-60 adherence to uninfected 
(O) or influenza virus-infected (•, 7 h postinfection) HUVEC 
monolayers after gamma irradiation. HL-60 cell adherence to 
HUVEC monolayers was monitored at various times after 
10-Gy irradiation. A and ▲ signify adherence to sham-irra- 
diated mock-infected and influenza virus-infected HUVEC 
monolayers, respectively. Each point is the mean ± SEM of 
six replicates in a representative experiment of three separate 
experiments. * denotes a statistical significance between the 
infected, sham-irradiated HUVEC group and the infected, ir- 
radiated HUVEC monolayers. 

nificantly enhanced virus-induced adherence by 17.9% 
(data not shown), but lower radiation doses had no effect 
on virus-induced adherence. 

In related studies, we altered the time after 10-Gy irra- 
diation that HUVECs were infected with virus and then 
monitored HL-60 cell adherence 7 h after viral infection 
(Fig. 3). Control studies on irradiated, uninfected 
HUVECs (Fig. 3, O) indicated that there was no increase 
in HL-60 adherence up to 72 h postirradiation. On the 
other hand, there was a time-dependent increase in the 
effects of gamma radiation on leukocyte adherence to vi- 
rus-infected HUVEC monolayers. Infection of sham-irra- 
diated HUVECs with a low virus titer (105 pfu/ml) in- 
creased adherence to 12% (Fig. 3, A). This virus-induced 
HL-60 cell adherence was enhanced 1.8-, 4.3-, and 5.6- 
fold at 24, 48, and 72 h, respectively, after gamma irradi- 
ation (Fig. 3). It is noteworthy that, even at 3 days after 
irradiating the HUVEC monolayers, leukocyte adherence 
had not reached a plateau. The ability of radiation to en- 
hance, to a similar degree, the virus-induced leukocyte ad- 
herence was confirmed with cAMP-differentiated HL-60 
cells and human neutrophils (data not shown). 
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FIGURE 4. (A) Dose response and (ß) time course of in- 
fluenza virus HA surface Ag expression on uninfected (A) or 
virus-infected (A, 7 h postinfection) HUVEC monolayers. (A) 
Forty-one hours after HUVEC monolayers were gamma irra- 
diated, they were infected with influenza virus for 7 h, fixed, 
and HA Ag expression was quantitated by using H17-L19 
(anti-HA) in the ELISA assay described in Materials and Meth- 
ods. (B) At 0, 1 7, 41, or 65 h after HUVEC monolayers were 
10 Gy irradiated, they were influenza virus-infected for 7 h 
before HA Ag expression was quantitated. O and • signify 
HA Ag expression on sham-irradiated, uninfected, and virus- 
infected HUVEC monolayers, respectively. Each point is the 
mean ± SEM of quadruplicate wells in a representative ex- 
periment of two separate experiments. * denotes a statistical 
significance between the infected, sham-irradiated HUVEC 
group and the infected, irradiated HUVEC monolayers. 

Gamma radiation augments virus HA expression on 

influenza virus-infected HUVEC monolayers 

Because HL-60 cell adherence to influenza virus-infected 
HUVEC monolayers is mediated by newly expressed HA 
on the surface of endothelial cells (15), we monitored HA 
expression on uninfected and virus-infected HUVEC 
monolayers exposed to varying doses of radiation. As ex- 
pected, uninfected endothelial cells had insignificant levels 
of HA Ag (Fig. 4A, O). In contrast, influenza virus infec- 
tion of HUVECs for 7 h produced a 4.1-fold increase in 
surface HA expression (Fig. 4A, •). At 48 h postirradia- 
tion, a dose-dependent increase in virus-induced HA Ag 
expression was observed with 10 Gy augmenting HA ex- 
pression by 30.4% (Fig. 4A). 

The time course of HA Ag expression in Figure AB 
revealed a profile of enhancement similar to that noted in 
Figure 3 for virus-induced leukocyte adherence after irra- 
diation. HA Ag increased in a time-dependent manner on 
HUVEC monolayers that were influenza virus-infected for 
7 h (Fig. AB). At 48 and 72 h postirradiation, HA Ag was 
increased significantly 1.5- and 2.2-fold, respectively. As 
was seen with the effect of radiation on virus-induced leu- 
kocyte adherence, the increased expression of HA did not 
saturate at 72 h postirradiation. 

These results suggested that the augmented virus-in- 
duced adherence was the result of enhanced HA expres- 
sion after irradiation. To directly demonstrate the role of 
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FIGURE 5. The effect of anti-HA on HL-60 cell adherence 
to sham (open bars) or 10 Gy-irradiated (filled bars), virus- 
infected (7 h) HUVEC monolayers was determined by incu- 
bating HUVECs with a saturating concentration (90 /ag/ml) of 
anti-HA for 30 min at 37°C before and during the adhesion 
assay. To demonstrate specificity of the Ab block, the adhe- 
sion assay was performed in the presence of anti-HLA, a non- 
relevant binding IgG Ab. Each point is the mean ± SEM of 
five replicates in a representative experiment of two separate 
experiments. * signifies a significant difference between the 
infected, sham-irradiated group and the corresponding con- 
trol group (p < 0.05). + denotes a statistical difference be- 
tween infected, irradiated HUVEC group and the correspond- 
ing infected, sham-irradiated HUVEC group. 

surface HA in the radiation enhancement of the virus-in- 
duced adherence, influenza virus-infected (7 h) HUVEC 
monolayers were incubated with anti-HA (90 jwg/ml) 30 
min before and during the adhesion assay. As we have 
previously demonstrated, anti-HA inhibits HL-60 cell ad- 
herence to HUVEC monolayers that have been infected 
with a high influenza virus titer (106 pfu/ml) (Fig. 5) (Ref. 
15). Virus-induced adherence to 10 Gy-irradiated 
HUVECs was completely blocked in the presence of an- 
ti-HA indicating that the radiation-induced increase in vi- 
rus-induced adherence was mediated by an augmented ex- 
pression of HA protein. A nonrelevant binding Ab, anti- 
HLA, had no effect on basal or virus-induced HL-60 cell 
adherence to sham- or 10 Gy- irradiated HUVEC mono- 
layers. 

Gamma radiation enhances HA mRNA levels in 

virus-infected HUVEC monolayers 

To determine whether radiation affects mRNA levels of 
the viral HA gene, we performed Northern blot analysis 
with RNA isolated from irradiated and virus-infected 
HUVECs. HA mRNA levels in sham-irradiated, virus-in- 
fected HUVECs were slightly increased in one of two ex- 
periments performed. At 24 h after 10-Gy irradiation, cel- 
lular levels of HA mRNA from influenza virus-infected 
HUVECs was increased by 51% over mRNA levels ob- 
served in sham-irradiated HUVECs (Table III). HA gene 
expression increased by 70% at 48 h after irradiation (this 
was confirmed in a second experiment). As was seen with 
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Table III.    HA mRNA levels after y-irradiation" 

Relative mRNA6 

Radiation 
Dose Time Postirradiation Influenza + Influenza 

OCy 
10Gy 
10Gy 
10 Cy 

24 h 
48 h 
72 h 

1.0 
1.1 
0.8 
0.8 

1.0 
1.5 
1.7 
1.9 

a At various times after sham or 10-Cy irradiation, HUVEC monolayers were 
infected with influenza virus for 24 h. As described in Materials and Methods, 
mRNA levels of HA were quantitated by using Northern blot analysis. 

b HA mRNA levels in sham-irradiated HUVEC cultures was set at 1.0. All 
other values are expressed relative to that value. 

HL-60 cell adherence and HA Ag expression (Figs. 3 and 
45), cellular levels of HA mRNA did not plateau by 72 h 
after 10-Gy irradiation with a 91% enhancement over lev- 
els in sham-irradiated HUVECs. 

Gamma radiation increases production of influenza 

virus in HUVEC and monolayers 

Virus progeny was harvested from infected HUVECs that 
had been sham or 10-Gy irradiated before infection. By 
using a HA assay to quantitate the virus progeny, we found 
that sham-irradiated HUVEC monolayers infected for 24 h 
yielded a virus titer of 107 pfu/ml. In contrast, there was a 
2.3-fold increase in virus titer produced 48 h after 10-Gy 
irradiation of infected HUVEC monolayers. To determine 
whether radiation modulates influenza virus production in 
other cell types, we performed similar studies by using 
MDCK epithelial cells, a cell line that is well known to be 
susceptible to influenza virus (21). Virus progeny from 
sham-irradiated, MDCK cells that were virus infected for 
24 h yielded a virus titer of 6.4 X 108 pfu/ml. Previous 
exposure to 10-Gy gamma radiation increased virus titer 
twofold in 24 h-infected MDCK monolayers. 

Gamma radiation enhances influenza virus-induced 

cytotoxicity but not VSV-induced cytotoxicity 

In our previous study (15) we demonstrated that HUVEC 
viability was unchanged 7 h after influenza virus infection, 
a time when influenza virus has undergone one replication 
cycle. However, after several replication cycles, cyto- 
pathic features such as cell rounding, detachment, and 
death occur (30). Therefore, we quantitated cell viability 
by using calcein-AM in sham or 10 Gy-irradiated HUVEC 
monolayers that were subsequently exposed to influenza 
virus for 24 h. HUVEC viability was not altered up to 72 h 
after exposure to a single 10-Gy dose of ionizing radiation 
(Fig. 6, filled bar). However, 24 h after HUVEC mono- 
layers were infected with influenza virus alone, cell via- 
bility was decreased to 74.2 ± 4.5% (« = 5). Exposure of 
HUVEC monolayers to 10-Gy gamma irradiation in- 
creased influenza virus-induced cell killing by 21.2, 28.5, 
and 16.8% at 24, 48, and 72 h postirradiation, respectively 
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FIGURE 6. Effect of 10-Gy irradiation on HUVEC viability 
24 h after virus infection and 48 h postirradiation. At various 
times after sham or 10-Gy irradiation, HUVEC monolayers 
were infected with influenza or VSV. Cell viability (described 
in the Materials and Methods section) was assessed at 24 h 
after virus infection. * denotes a significant difference be- 
tween the infected, sham-irradiated group and the corre- 
sponding control group, t signifies a difference between the 
infected, irradiated HUVEC group and the corresponding in- 
fected, sham-irradiated HUVEC group. Each point is the 
mean ± SEM of five replicates in a representative experiment 

of three separate experiments. 

(Fig. 6), suggesting that the enhanced killing may be a 
result of a synergism between the two challenges or that 
the killing may result from different mechanisms. Simi- 
larly, irradiated MDCK cells also were more susceptible to 
influenza virus-induced killing (data not shown). 

Although influenza virus replication requires host RNA 
primer synthesized by cellular RNA polymerase II (31), other 
RNA viruses such as VSV require only cytoplasmic constit- 
uents to replicate (32). To explore the possibility that radia- 
tion is influencing viral replication through a nuclear mech- 
anism and not a cytoplasmic mechanism, we compared the 
effect of radiation on influenza virus-induced HUVEC cyto- 
toxicity with its effect on VSV-induced HUVEC cytotoxicity. 
A viability assay was performed with sham- or 10 Gy-irra- 
diated HUVEC monolayers that were infected with VSV at 
various times after irradiation. Twenty-four hours after VSV 
infection, HUVEC viability was reduced by 40% (Fig. 6). 
Radiation did not significantly alter viability in VSV-infected 
HUVECs whether viability was measured at 1, 2, or 3 days 
after radiation exposure. Similarly, previous irradiation did 
not change the viability of VSV-infected MDCK epithelial 
cells (data not shown). 

Discussion 

At sites of infection and inflammation, the endothelial cell 
monolayer functions as an adhesive surface for leukocytes 
that diapedese out of the vasculature into injured underly- 
ing tissue. This study focuses on the effect of ionizing 
radiation on the ability of endothelial cell monolayers to 
bind leukocytes under quiescent conditions and in the face 
of a pathogen insult. 

Our results demonstrate that although acute exposure of 
endothelial cell monolayers to gamma radiation does not 
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affect basal leukocyte adherence, it enhances influenza vi- 
rus-induced adherence by increasing HA expression on the 
surface of endothelial cells. This lack of effect of ionizing 
radiation on basal leukocyte adherence contrasts with the 
findings of Dunn et al. (9) who found a 26% increase in 
human neutrophil adherence to bovine aortic endothelial 
cell monolayers 4 h after 5-Gy gamma irradiation. The 
discrepancy between our data on HL-60 cells binding to 
HUVECs and the findings of Dunn et al. cannot be ex- 
plained by differences in cell types, because we also con- 
firmed our observations by using BAECs and human neu- 
trophils as well as cAMP-differentiated HL-60 cells. 
Unlike Dunn et al., who observed bovine endothelial cell 
damage within 4 h of irradiation, we did not detect a loss 
of endothelial cell viability up to 72 h after 10-Gy irradi- 
ation. Differences in the magnitude of endothelial cell 
damage induced by radiation may underlie the differences 
in leukocyte adhesion between our study and Dunn et al., 
because a preferential binding of leukocytes to injured or 
wounded bovine endothelial cells has been reported (33). 

In our previous studies with the use of this in vitro 
model, influenza virus infection of endothelial cells in- 
creased leukocyte adherence by increasing HA surface Ag 
expression (15). In light of clinical findings demonstrating 
an increased risk of viral infections after radiation therapy 
(1-2, 5), the present study uses this in vitro model to char- 
acterize the effect of radiation on pathogen/endothelial in- 
teractions. We demonstrate that previous exposure of 
HUVEC monolayers to ionizing radiation promoted the 
interaction between leukocytes and influenza virus-in- 
fected endothelial cells. Furthermore, a direct relationship 
between surface HA protein expression and leukocyte ad- 
herence was confirmed by the following: 1) parallel in- 
creases in leukocyte adherence and viral HA Ag expres- 
sion; and 2) anti-HA blocking virus-induced adherence in 
infected endothelial cells after irradiation. 

Most importantly, radiation increased influenza virus 
production in endothelial cells as evidenced by increased 
mRNA HA levels and influenza virus titer yield. Compa- 
rable results were observed with the epithelial cell line, 
MDCK cells, often used in studying cellular processing of 
influenza virus (17). Thus, the increased susceptibility to 
influenza virus production resulting from exposure to ion- 
izing radiation is not cell specific. 

To better understand the mechanism underlying the in- 
creased virus production after irradiation, we compared 
the cytopathic ability of influenza virus to that of a rhab- 
dovirus, VSV. Although synthesis of influenza virus 
mRNA requires a capped and methylated primer synthe- 
sized by cellular RNA polymerase II (31), VSV virion 
RNA is transcribed by a virus-associated RNA polymerase 
independent of host-cell nuclear functions (32). Our ob- 
servations that previous exposure of both endothelial and 
epithelial cell lines to ionizing radiation did not alter the 
ability of VSV to kill cells, suggest that the increased in- 
fluenza virus production may be related to this require- 

ment for cellular RNA polymerase II enzyme activity. 
Thus, an increased rate of gene transcription may underlie 
the radiation effects we have described. Nuclear run-on 
experiments have illustrated a radiation-induced increase 
in the transcription rate of c-jun, an early-response gene 
(34), and TNF-a, a late-response gene, in human myeloid 
cells (35). Similar to our observations of radiation en- 
hancement of influenza virus infectivity, Miller and Smith 
(36) demonstrated that ionizing radiation produces a 10 to 
15% increase in infectivity of human fibroblasts by herpes 
simplex virus, which also requires cellular RNA poly- 
merase II to replicate (37). 

Alternatively, ionizing radiation may be working 
through other mechanisms such as enhancement of protein 
kinase C-dependent growth of influenza virus (38), since 
radiation increases protein kinase C mRNA levels and 
subsequent enzyme activity in some cell types (39-41). 
The increased susceptibility to influenza infection also 
may be related to the depressive effect of radiation on IFN 
production (42) in endothelial cells (43) leading to a de- 
creased expression of Mx proteins which confer cellular 
resistance to influenza virus infection (44). However, this 
is unlikely because IFN also confers resistance to VSV 
infection (45), and we found no effect of radiation on 
VSV-induced endothelial cytotoxicity. 

In summary, we have demonstrated that gamma radia- 
tion alone does not alter basal leukocyte adherence to en- 
dothelial cells but increases: 1) virus-induced leukocyte 
adherence, 2) influenza virus production in endothelial and 
epithelial cells, and 3) virus-induced endothelial and epi- 
thelial cell killing. If ionizing radiation induces similar ef- 
fects in vivo, it would be expected to increase the risk of 
influenza virus infection in patients receiving radiotherapy. 
Moreover, a similar mechanism may underlie the increased 
susceptibility to infection by herpes simplex virus after radi- 
ation therapy, which has been well documented (1-4). 
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Therapeutic Efficacy of Recombinant Human Leukemia Inhibitory Factor in 
a Primate Model of Radiation-Induced Marrow Aplasia 

By Ann M. Farese, Laurie A. Myers, and Thomas J. MacVittie 

The therapeutic efficacy of recombinant human leukemia 
inhibitory factor (LIF) was examined in a nonhuman primate 
model of radiation-induced marrow aplasia. Rhesus mon- 
keys received 450 cGy of total-body, 1:1 mixed neu- 
tron:gamma radiation. For 23 days thereafter, each monkey 
received a daily subcutaneous injection of LIF or human se- 
rum albumin (HSA) at a dose of 15 /tg/kg body weight. Com- 
plete blood counts and white blood cell differentials were 
monitored for 60 days postirradiation. Administration of LIF 
significantly decreased [P < .05) the duration of thrombocy- 

topenia (platelet count <30,000 or 20,000//uL), ie, 9.3 days 
or 6.3 days, respectively, versus the HSA-treated control 
monkeys, 12.2 days or 10.2 days, respectively. Treatment 
with LIF did not alter the duration of neutropenia (absolute 
neutrophil count <1,000/jul) as compared with the HSA- 
treated control monkeys. Cytokine administration did not 
exacerbate the radiation-induced anemia observed in the 
HSA-treated control monkeys. 
© 7994 by The American Society of Hematology. 

THROMBOCYTOPENIA and neutropenia remain as 
dose-limiting consequences after high-dose irradiation 

or cytotoxic drug exposure. Cytokines such as recombinant 
human granulocyte and granulocyte-macrophage colony- 
stimulating factor have been effective in reducing the dura- 
tion of neutropenia after radiation or drug-induced marrow 
aplasia in preclinical1"6 and clinical protocols.7"9 Several cyto- 
kines have shown therapeutic efficacy in modulating the 
recovery of platelets after radiation-610 or drug-induced mar- 
row aplasia.""13 Interleukin-3 (IL-3) has shown a modest yet 
consistent efficacy in preclinical models of myelosuppres- 
sion6" but has demonstrated variable efficacy in modulating 
thrombocytopenia in the clinical situation.14"18 More recently, 
IL-6 has displayed efficacy in reducing thrombocytopenia 
and enhancing recovery of platelets in murine,14,19"22 canine,23 

and primate24"26 models of either radiation-or drug-induced 
thrombocytopenia. Results from clinical trials with IL-6 have 
shown it to be efficacious in modulating drug-induced throm- 
bocytopenia.27,28 IL-11 has also been shown to enhance the 

recovery of platelets in several murine models of myelosup- 
29-12 pression. 

Yet another cytokine, leukemia inhibitory factor (LIF), 
has recently been shown to promote megakaryocyte matura- 
tion in vitro33'34 and to increase circulating levels of platelets 
in normal mice35 and nonhuman primates.36 The purpose of 
this study was to investigate the therapeutic efficacy of LIF 
in a high-dose, sublethal, primate model of radiation-induced 
marrow aplasia. 

MATERIALS AND METHODS 

Animals. Domestic male rhesus monkeys (Macaca mulatta; 
mean weight, 4.3 ± 0.59 kg) were housed in individual stainless 
steel cages in conventional holding rooms at the Armed Forces 
Radiobiology Research Institute (AFRRI) in a facility accredited by 
the American Association for Accreditation of Laboratory Animal 
Care. Monkeys were provided 10 air changes/h of 100% fresh air 
conditioned to 72°F ± 2°F with a relative humidity of 50% ± 20% 
and were maintained on a 12-hour light/dark full-spectrum light 
cycle with no twilight. Monkeys were provided with commercial 
primate chow, supplemented with fresh fruit and tap water ad libi- 
tum. Research was conducted according to the principles enunciated 
in the Guide for the Care and Use of Laboratory Animals.36" 

Recombinant cytokine. The recombinant human LIF was pro- 
vided by the Cytokine Development Unit of Sandoz Pharmaceuticals 
Corp (East Hanover, NJ). The nonglycosylated protein was extracted 
from Escherichia coli cells expressing the LIF cDNA from a plasmid 

vector. The in vitro biologic activity of the recombinant human LIF 
(rhLIF) was analyzed in a proliferation assay of the DAI murine 
leukemia cell line and was approximately 13 X 106 U/mg protein. 
The units were calculated on the basis that 1 U of LIF was able to 
induce 50% of maximal proliferation. The endotoxin content was 
10.6 EU/mg of LIF as determined by the Limulus assay37 (Limulus 
amoebocyte lysate assay; Bio Whittaker, Inc, Walkersville, MD). 

Irradiation. After a prehabituation period, each monkey was 
placed in an aluminum restraining chair and subjected to posterior- 
to-anterior total-body irradiation from the AFRRI Mark-F TRIGA 
nuclear reactor. The torso of each monkey was shielded from the 
intense gamma radiation emitted by placing a 2.5-cm lead shield 
between the core of the reactor and the exposure position. Each 
monkey received a pulse of 4.5 Gy (< 500 milliseconds) free-in- 
air total mixed neutrons and gamma rays with a precision of ±2.5% 
(%SD, n = 16) and a statistical accuracy of 10%. The neutron dose 
to the total dose (neutron + gamma) was 0.50% ± 2.3% (%SD, n 
= 17), with a statistical accuracy of 14%. All exposures were actively 
monitored by ionization chambers and passively monitored by sulfur 
activation tablets. 

Study design. Each animal was irradiated on day 0 and randomly 
assigned to receive either LIF (n = 4) or human serum albumin 
(HSA; n = 5; Miles Inc, Cutter Biological, Elkhart, IN). LIF or 
HSA were administered as a single, subcutaneous injection at a 
dosage of 15 /xg/kg/day. The dosage and administration route were 
based on results shown in normal rhesus primates by Mayer et al,36 

in which efficacy at platelet production without toxicity was evident 
at 10 /xg/kg/d for 14 days. 

Support. An antibiotic regimen was initiated prophylactically 
when the white blood cell count was less than 1,000/^L and contin- 
ued daily until the white blood cell count was greater than 1,000/ 
pL for 3 consecutive days. Gentamicin (Lyphomed, Deerfield, IL; 
1.5 mg/kg, twice daily) and rocephin (Roche, Nutley, NI; 100 mg/ 
kg/d) were administered subcutaneously. Fresh, irradiated (1,500 
cGy Co-60) whole blood from a random donor pool (monkeys 
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weighing >10 kg) was administered when the platelet count was 
less than 30,000//xL and the hematocrit was less than 20%. Whole 
blood transfusions and antibiotics were required to ensure 100% 
survival in all control HSA-treated animals (unpublished results). 

Hematologic evaluations. Peripheral blood was obtained from 
the saphenous vein to assay complete blood (Model S Plus II; Coulter 
Electronics, Hialeah, FL) and differential counts (Wright-Giemsa 
stain; Ames Automated Slide Stainer, Elkhart, IN). Baseline levels 
were obtained before irradiation. These parameters were monitored 
for 60 days after irradiation and the degree of anemia and the dura- 
tions of neutropenia (absolute neutrophil count <1,000//*L) and 
thrombocytopenia (platelet count either < 30,000 or 20,000//iL) were 
assessed. 

Statistical analysis. The Normal Scores Test was used to make 
pairwise comparisons of,the durations of neutropenia and thrombo- 
cytopenia. The test was performed using the software package Stat- 
Xact (Cytel Software Corp, Cambridge, MA) and exact P values 
were obtained. The Mann Whitney test was used to evaluate the 
statistical difference between the nadirs. 

RESULTS 

Platelet and neutrophil recovery. LIF administration in- 
duced recovery of circulating platelets to baseline values, 
without lessening the nadir, earlier than did HSA treatment 
(day 22 v day 32, respectively; Fig 1A). LIF administration, 
compared with HSA treatment, also significantly decreased 
the duration of thrombocytopenia either at a platelet count 
less than 30,000 or 20,000/^L (P r~ .05) to 9 days or 6.3 
days v 12 days or 10.2 days, respectively (Fig 1A and Table 

1000 ir 

Table 1. Effect of LIF Therapy in Irradiated Monkeys: Duration and 
Mean Days of Cytopenia 

01    4 67 9     13    17    21       26    30 
i- Cytokine Administration -* 

Time (days) After Irradiation 

Fig 1. Regeneration of the circulating (A) platelets and (B) neutro- 
phils after sublethal irradiation of rhesus monkeys treated with HSA 
or LIF. LIF or HSA were administered over a 23-day protocol by subcu- 
taneous injections as described in Materials and Methods. Counts 
are mean ± SEM. 

Thrombocytopenia (d) at a Platelet 
Count of 

Treatment 30,000//iL 20,000/^L Neutropenia (d) 

HSA 

LIF 

9-20 (12.2) 
11-19(9.25)* 

10-19 (10.2) 

12-17 (6.3)* 

5-21 (17.2) 

5.5-23 (18.5) 

Monkeys receiving whole body irradiation with 450 cGy of mixed 
fission:neutron gamma radiation were treated with control protein 
(HSA) or LIF according to protocol. Neutropenia is an absolute neutro- 
phil count of less than 1,000/^L Thrombocytopenia is either a platelet 

count of less than 20,000 or 30,000/^L. 

*P< .05. 

1). Although neither the duration of neutropenia nor the 
recovery of neutrophils in the LIF-treated monkeys differed 
from those in HSA-treated monkeys, the period of absolute 
neutropenia was modified by LIF administration (Fig IB and 
Table 1). 

Anemia. LIF did not exacerbate the radiation-induced 
anemia noted in HSA-treated monkeys (Fig 2). Mean hemo- 
globin (HGB) values were lower in the HSA-treated mon- 
keys, although there was no significant difference in the 
respective HGB nadirs. The HGB values in the LIF-treated 
monkeys returned to within baseline levels more quickly 
(day 48) than in the HSA-treated monkeys (day 70). All 
animals did not require transfusions; the HSA-treated ani- 
mals required an average of two transfusions per animal, 
whereas the LIF-treated animals received less than one trans- 
fusion per animal. 

DISCUSSION 

We have shown that the therapeutic administration of LIF, 
as compared with HSA, to sublethally irradiated monkeys 
can induce an earlier recovery of circulating platelets to 
normal levels and can signifiantly reduce the duration of 
thrombocytopenia. The return to normal circulating platelet 
levels is the result of the apparent increase in production 
rate of platelets during week 3 of LIF administration. This 
finding is concordant with results in normal primates receiv- 
ing LIF36 in which the onset of platelet production occurred 
at the end of a 14-day administration period. The number and 
size of megakaryocytes in the bone marrow of the normal 
primates did not change. However, recombinant murine LIF 
administered to normal mice increased both megakaryocyte 
and progenitor cells in marrow and spleen and resulted in 
an almost twofold increase in the circulating platelet count.35 

Using the same radiation model as reported here, we re- 
cently described the therapeutic efficacy of IL-3 and IL-6 
in promoting platelet and neutrophil production.25 In our 
previous report, IL-3 and IL-6 reduced the duration of throm- 
bocytopenia from 12 days in the controls to 6.6 days and 5 
days, respectively.25 IL-3 and IL-6 were used at the same 
dose (15 /ig/kg/d) and protocol as reported here. 

The therapeutic efficacy of LIF was suggested by data 
showing the shared gpl30 signal transducing component 
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Fig 2. Hemoglobin values in grams per deciliter 
(mean ± SEMI for rhesus monkeys treated with HSA 
or LIF. LIF or HSA were administered for 23 consecu- 
tive days after sublethal irradiation as described in 
Materials and Methods. 

01   4 6    9     13    17    21 
i- Cytokine Administration H 

26 30 34 38 42 45 48 51  56 60  65  70 

Time (days) After Irradiation 

with IL-6, IL-11, and Oncostatin-M,38 in addition to in vitro 
studies with murine and human bone marrow cell cul- 
tures.34,35 Metcalf et al35 showed that LIF increased megakar- 
yocyte colony formation and megakaryocytes when used in 
combination with IL-3. LIF alone had no demonstrable direct 
effect on these parameters despite the presence of LIF recep- 
tors on both immature and mature murine megakayocytes. 
Burstein et al34 compared LIF with IL-6 and IL-11 and found 
that LIF promoted megakaryocyte maturation in both liquid 
murine and human marrow cultures but did not induce an 
increase in megakaryocyte number in the absence of IL-3. 
This LIF-induced response did not appear to be facilitated 
through IL-6 action because the presence of an anti-IL-6 
antibody had no influence on the LIF-induced increase in 
ploidy. However, LIF has been shown to induce synthesis 
and release of biologically active IL-6 from monocytes.39 

Leary et al40 also showed that LIF in combination with IL- 
3 enhanced human marrow-derived blast-cell colony forma- 
tion. 

The lack of an LIF-induced production of neutrophils 
noted in this model of radiation-induced marrow aplasia 
agrees with that observed in normal animals. Daily injections 
of LIF into normal mice35 or primates36 had no influence on 
total and differential leukocyte counts. In a previous study 
of radiation-induced marrow aplasia in the primate, we 
showed that neither IL-6 nor IL-3 significantly altered the 
duration of neutropenia or the recovery of neutrophils but, 
as currently shown with LIF, did modify the neutropenic 
nadir, relative to HSA-treated controls.25 

These results show that LIF may be effective in the treat- 
ment of radiation-induced thrombocytopenia. This effect 
may be mediated in part through the concomitant presence 
of endogenous IL-3, IL-6, or other complementary cytokines 
in the postirradiation marrow environment. 

ACKNOWLEDGMENT 

The authors thank Richard T. Brandenburg, David R. Matlick, 
and Eloise K. Seams for their superb technical assistance and Wil- 
liam Jackson for assistance with statistical analysis. 

REFERENCES 

1. Kobayashi Y, Okabe T, Urabe A, Suzuki N, Takaku F: Human 
granulocyte colony-stimulating factor produced by Escherichia coli 

shortens the period of granulocytopenia induced by irradiation in 
mice. Jpn J Cancer Res 78:763, 1987 

2. Monroy RL, Skelly RR, Taylor P, Dubois A, Donahue RE, 
MacVittie TJ: Recovery from severe hematopoietic suppression us- 
ing recombinant human granulocyte-macrophage colony-stimulating 
factor. Exp Hematol 16:344, 1988 

3. Tanikawa S, Nakao I, Tsuneoka K, Nara N: Effects of recombi- 
nant granulocyte colony-stimulating factor (rG-CSF) and recombi- 
nant granulocyte-macrophage colony-stimulating factor (rGM-CSF) 
on acute radiation hematopoietic injury in mice. Exp Hematol 
17:883, 1989 

4. MacVittie TJ, Monroy RL, Patchen ML, Souza LM: Therapeu- 
tic use of recombinant human G-CSF (rhG-CSF) in a canine model 
of sublethal and lethal whole-body irradiation. Int J Radiat Biol 
57:723, 1990 

5. Patchen ML, MacVittie TJ, Solberg B, Souza LM: Therapeutic 
administration of recombinant human granulocyte colony-stimulat- 
ing factor accelerates hemopoietic regeneration and enhances sur- 
vival in a murine model of radiation-induced myelosuppression. Int 
J Cell Cloning 8:107, 1990 

6. Farese AM, Williams DE, Seiler FR, MacVittie TJ: Combina- 
tion protocols of cytokine therapy with interleukin-3 and granulocyte 
macrophage-colony stimulating factor in a primate model of radia- 
tion-induced marrow aplasia. Blood 82:3012, 1993 

7. Brochud MH, Scarffe JH, Thatcher N, Crowther D, Souza LM, 
Alton NK, Testa NG, Dexter TM: Phase I/II study of recombinant 
human granulocyte colony-stimulating factor in patients receiving 
intensive chemotherapy for small cell lung cancer. Br J Cancer 
56:809, 1987 

8. Antman KS, Griffen JD, Elias A, Socinski MA, Ryan L, Can- 
nistra SA, Oette D, Whitley M, Frie E III, Schnipper LE: Effect 
of recombinat human granulocyte-macrophage colony-stimulating 
factor on chemotherapy-induced myelosuppression. N Engl J Med 
319:593, 1988 

9. Crawford J, Ozer H, Stoller R, Johnson D, Lyman G, Tabbara 
I, Kris M, Grous J, Picozzi V, Rausch G, Smith R, Gradishar W, 
Yahanda A, Vincent M, Stewart M, Glaspy J: Reduction by granulo- 
cyte colony-stimulating factor of fever and neutropenia induced by 
chemotherapy in patients with small-cell lung cancer. N Engl J Med 
325:164, 1991 

10. Williams DE, Dunn JT, Park LS, Frieden EA, Seiler FR, 
Farese AM, MacVittie TJ: A GM-CSF/IL-3 fusion protein promotes 
neutrophil and platelet recovery in sublethally irradiated rhesus mon- 
keys. Biotechnol Ther 4:17, 1993 

11. Gillio AP, Gasparetto C, Laver J, Abboud M, Bonilla MA, 
Garnick MB, O'Reilly RJ: Effects of interleukin-3 on hemtopoietic 



3678 FARESE, MYERS, AND MACVITTIE 

recovery after 5-fluorouracil or cyclophosphamide treatment of cy- 
nomolgus primates. J Clin Invest 85:1560, 1990 

12. Winton EF, Srinivasiah J, Kim BK, Hillyer CD, Strobert EA, 
Orkin JL, Swenson RB, McClure HM, Myers LA, Saral R: Effect 
of recombinant human interleukin-6 (rhIL-6) and rhIL-3 on hemato- 
poietic regeneration as demonstrated in a nonhuman primate chemo- 
therapy model. Blood 84:65, 1994 

13. Gonter PW, Hillyer CD, Strobert EA, Orkin JL, Swenson RB, 
McClure HM, Myers LA, Winton EF: The effect of varying ratios of 
administered rhIL-3 and rhGM-CSF on post-chemotherapy marrow 
regeneration in a nonhuman primate model. Blood 82:365a, 1993 
(abstr, suppl 1) 

14. Ganser A, Seiplet G, Lindemann A, Ottmann OG, Falk S, 
Eder M, Herrmann F, Becher R, Höffken K, Büchner T, Klausmann 
M, Frisch J, Schulz G, Mertelsmann R, Hoelzer D: Effects of recom- 
binant human interleukin-3 in patients with myelodysplastic syn- 
dromes. Blood 76:455, 1990 

15. Nemunaitis J, Buckner CD, Appelbaum FR, Lilleby K, Wolff 
S, Bierman P, Kessinger A, Resta D, Campion M, Young DC, 
Zeigler Z, Rosenfeld C, Shadduck RK, Singer JW: Phase I trial with 
recombinant human interleukin-3 (rhIL-3) in patients with lymphoid 
cancer undergoing autologous bone marrow transplantation 
(ABMT). Blood 80:85a, 1992 (abstr, suppl 1) 

16. Biesma B, Pax HB, Willemse PH, Mulder NH, Sleijfer DT, 
Gietema JA, Mull R, Limburg PC, Bouma J, Vellenga E, de Vries 
EG: Effects of interleukin-3 after chemotherapy for advanced ovar- 
ian cancer. Blood 80:1141, 1992 

17. Gerhartz HH, Walther J, Bunica O, Klener P, Visani G, Peschl 
C, Huber C, Wilmanns W, Mull R, Sklenar I: Clinical-hematologi- 
cal-and cytokine-response to interleukin-3 (IL-3) supported chemo- 
therapy in resistant lymphomas: A phase II study. Proc Am Soc Clin 
Oncol 11:329, 1992 (abstr) 

18. Fibbe WE, Raemaekers J, Verdonck LF, Schouten HC, van 
Imhof G, Tromp B, Willemze R, van Bree J, Hesseis JA, Vellenga 
E: Human recombinat interleukin-3 after autologous bone marrow 
transplantation for maligant lymphoma. Ann Oncol 3:163, 1992 
(abstr) 

19. Laterveer L, van Damme J, Willemze R, Fibbe WE: Continu- 
ous infusion of interleukin-6 in sublethally irradiated mice acceler- 
ates platelet reconstitution and the recovery of myeloid but not of 
megakarocytic progenitor cells in bone marrow. Exp Hematol 
21:1621, 1993 

20. Patchen ML, Fischer R, MacVittie TJ: Effects of combined 
administration of interleukin-6 and granulocyte colony stimulating 
factor on recovery from radiation-induced hemopoietic aplasia. Exp 
Hematol 21:338, 1993 

21. Patchen ML, MacVittie TJ, Williams JL, Schwartz GN, Souza 
LM: Administration of interleukin-6 stimulates multilineage hemato- 
poiesis and accelerates recovery from radiation-induced hematopoi- 
etic depression. Blood 77:472, 1991 

22. Ishibashi T, Asano S: IL6 and thrombocytopoiesis. Res Im- 
munol 143:752, 1992 

23. Burstein SA, Downs T, Friese P, Lynam S, Anderson S, 
Henthorn J, Epstein RB, Savage K: Thrombocytopoiesis in normal 
and sublethally irradiated dogs: Response to human interleukin-6. 
Blood 80:420, 1992 

24. Herodin F, Mestries JC, Janodet D, Martin S, Mathieu J, 
Gascon MP, Pernin MO, Ythier A: Recombinant glycosylated human 
interluekin-6 accelerates peripheral blood platelet count recovery in 
radiation-induced bone marrow depression in baboons. Blood 
80:688, 1992 

25. MacVittie TJ, Farese AM, Patchen ML, Myers LA: Therapeu- 
tic efficacy of recombinant interleukin-6 alone and combined with 
recombinant human interleukin-3 in a nonhuman primate model of 
high-dose, sublethal, radiation-induced marrow aplasia. Blood 
84:2515, 1994 

26. Zeidler C, Kanz, L, Hurkuck, F, Rittmann KL, Wildfang I, 
Kadoya T, Mikayama T, Souza L, Weite K: In vivo effects of 
interleukin-6 on thrombopoiesis in healthy and irradiated primates. 
Blood 80:2740, 1992 

27. Weber J, Yang JC, Topalian SL, Parkinson DR, Schwartzen- 
truber DS, Ettinghausen SE, Gunn H, Mixon A, Kim H, Cole D, 
Levin R, Rosenberg SA: Phase I trial of subscutaneous interleukin- 
6 in patients with advanced malignancies. J Clin Oncol 11:499, 1993 

28. Demetri GD, Samuels B, Gordon M, Merica EA, Mazanet 
R, Antman KH, Hoffman R, Young DC, Samuel S, Bukowski R: 
Recombinant human interleukin-6 (IL-6) increases circulating plate- 
let counts and C-reactive protein levels in vivo: Initial results of a 
phase I trial in sarcoma patients with normal hemopoiesis. Blood 
80:88a, 1992 (abstr, suppl 1) 

29. Leonard JP, Neben TY, Quinto C, Goldman SJ: Recombinant 
human interleukin-11 (rhIL-11) accelerates pheripheral platelet and 
RBC recovery following combined sublethal irradiation and car- 
boplatin treatment in mice. Blood 80:91a, 1992 (abstr, suppl 1) 

30. Du XX, Neben S, Goldman S, Williams DA: Effects of re- 
combinant interleukin-11 on hematopoietic reconstitution in trans- 
plant mice: Acceleration of recovery of peripheral blood neutrophils 
and platelets. Blood 81:27, 1993 

31. Hangoc G, Yin T, Copper S, Schendel P, Yang YC, Brox- 
meyer HE: In vivo effects of recombinant interleukin-11 on myelo- 
poiesis in mice. Blood 81:965, 1993 

32. Neben TY, Loebelenz J, Hayes L, McCarthy K, Stoudemire 
J, Schaub R, Goldman SJ: Recombinant human interleukin-11 stimu- 
lates megakayocytopoiesis and increases peripheral platelets in nor- 
mal and splenectomized mice. Blood 81:901, 1993 

33. Metcalf D, Hilton D, Nicola NA: Leukemia inhibitory factor 
can potentiate murine megakaryocyte production in vitro. Blood 
77:2150, 1991 

34. Burstein SA, Mei RL, Henthorn J, Friese P, Turner K: Leuke- 
mia inhibitory factor and interleukin-11 promote maturation of mu- 
rine and human megakaryocytes in vitro. J Cell Physiol 153:305, 
1992 

35. Metcalf D, Nicola NA, Gearing DP: Effects of injected leuke- 
mia inhibitory factor on hemopoietic and other tissues in mice. Blood 
76:50, 1990 

36. Mayer P, Geissler K, Ward M, Metcalf D: Recombinant hu- 
man leukemia inhibitory factor induces acute phase proteins and 
raises the blood platelet counts in nonhuman primates. Blood 
81:3226, 1993 

36a. The Institute of Laboratory Animal Resources, National Re- 
search Council: Guide for the Care and Use of Laboratory Animals. 
Washington DC, National Institutes of Health publication no. 86-23 

37. Levin J, Bang FB: Clottable protein in limulus: Its localization 
and kinetics of its coagulation by endotoxin. Thromb Diath 
Haemorrh 19:186, 1968 

38. Taga T, Kishimoto T: Cytokine receptors and signal transduc- 
tion. FASEB J 6:3387, 1992 

39. Villiger PM, Geng Y, Lotz M: Induction of cytokine expres- 
sion by leukemia inhibitory factor. J Clin Invest 91:1575, 1993 

40. Leary AG, Wong GG, Clark SC, Smith AG, Ogawa M: Leu- 
kemia inhibitory factor differentiation-inhibiting activity/human in- 
terleukin for DA cells augments proliferation of human hematopoi- 
etic stem cells. Blood 75:1960, 1990 



Reprinted from The Neurobiology of NO and OH 
Volume 738 of the Annals of the New York Academy of Sciences 

November 17, 1994 

Role of Nitric Oxide Synthase, 
Superoxide Dismutase, and Glutathione 

Peroxidase in Radiation-Induced 
Decrease in Norepinephrine Release 

S. B. KANDASAMY 

Behavioral Sciences Department 
Armed Forces Radiobiology Research Institute 

Bethesda, Maryland 20889-5603 

ARMED FORCES RADIOBIOLOGY 
RESEARCH INSTITUTE 

SCIENTIFIC REPORT 

SR94-25 

INTRODUCTION 

Although the central nervous system (CNS) is considered to be relatively 
resistant to the direct effects of ionizing radiation, the dose and the time elapsed 
after radiation exposure can have a complex effect on the CNS. The hippocampus is 
important in critical functions such as learning, memory, and motor performance, 
and these functions are impaired after exposure to ionizing radiation.1 Noradrener- 
gic systems are important in mediating arousal, food intake, and to some extent 
motor functions. Histofluorescence and immunohistochemical techniques have shown 
noradrenergic pathways in the hippocampus.2 Several factors can contribute to acute 
nervous system damage in vivo: (1) reduced systemic blood pressure following 
exposure to 25-100 Gy of y radiation,3"5 (2) decreased cerebral blood flow in various 
regions of the brain, including the hippocampus,3^ (3) ischemia produced by the 
decreased blood flow, which is likely to affect neuronal activity;6 (4) free radical 
generation with resulting oxygen radicals implicated in cell damage following isch- 
emia; (5) brain ischemia-induced release of an excessive amount of glutamate in the 
hippocampus, which acts on nitric oxide (NO) synthase to form NO through 
JV-methyl-D-aspartate (NMDA) receptors, causing toxic effects.6 

Antioxidant enzymes, such as Superoxide dismutase (SOD), glutathione peroxi- 
dase (GSHPx), and catalase, offer protection against ionizing radiation-induced 
oxidants.7 Pretreatment with recombinant human interleukin-lot or ß (rhIL-la or ß) 
protects mice from the lethal effects of radiation, and it has been reported that the 
radioprotectant effect of rhIL-la or ß may involve induction of endogenous manga- 
nese SOD (MnSOD).8 SOD might be a naturally occurring compound with a 
radioprotective effect9 because intravenous administration of SOD provoked an 
increase in SOD level in various tissues of experimental animals and led to enhanced 
resistance to ionizing radiation.10" Involvement of SOD and GSHPx in the attenua- 
tion of radiation-induced hyperthermia by rhIL-la has also been reported.12 

Experiments were conducted in vitro to determine the effect of exposure to 
ionizing radiation on hippocampal norepinephrine (NE) release, stimulated by KC1 
at 0.5, 24,48, and 72 h after irradiation/sham-irradiation, the role of NO synthase in 
the radiation-induced decrease in NE release, and the effect of the cyclooxygenase 
inhibitor indomethacin on radiation-decreased hippocampal NE release. In addi- 
tion, the effect of rhlL-lß on the levels of GSHPx, the effect of SOD in the 
hippocampus 48 h after rhIL-lß pretreatment, and the effect of rhIL-lß, SOD, and 
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GSHPx on decreases in hippocampal NE release 48 h after radiation exposure were 
determined. This paper reviews work being done in this laboratory.1314 

METHODS 

Male Sprague-Dawley rats, weighing 200-300 g, were euthanized by decapita- 
tion, and the brains were removed. The hippocampus was dissected using the 
methods of Glowinski and Iversen.15 NE was measured by high-performance liquid 
chromatography coupled with electrochemical detection. Hippocampal prostaglan- 
din E2 (PGE2) levels were measured by radioimmunoassay. Release of hippocampal 
NE in vitro was stimulated by KC1, and irradiation procedures were carried out as 
described previously.16 Rats were exposed bilaterally to varying doses of 7 rays, using 
a 60Co source at a dose rate of 10 Gy/min. SOD and GSHPx in the hippocampus was 
measured as described by Kandasamy et al.n Statistical analysis was performed using 

Sham radiation 
(mean) 

FIGURE 1. NE release 0.5, 24, 48, and 72 hr after exposure to 10 Gy gamma rays. Values are 
means ± SEM of three separate experiments, »significantly different from sham radiation; 
p < 0.05. 

Student's r-test. Multiple comparisons with sham-irradiated/irradiated values were 
done by analysis of variance and Dunnett's test. Data were identified as significant if 
P < 0.05. 

RESULTS 

There was no significant difference in NE release between irradiated and 
sham-irradiated rats when the hippocampal NE concentration was determined 0.5 h 
after radiation exposure (5-30 Gy at 10 Gy/min). However, there were significant 
decreases in hippocampal NE release 48 and 72 h after exposure to 5 (data not 
shown) and 10 Gy (FIG. 1) and 24,48, and 72 h after exposure to 30 Gy of 7 rays (FIG. 
2). Based on the above data, a postirradiation time period of 48 h and a 7-radiation 
dose of 10 Gy at 10 Gy/min were chosen for further studies with the NO synthase 
inhibitor 6N-nitro-L-arginine (N02-arg) and the cyclooxygenase inhibitor indometha- 
cin. Pretreating rats with 1 mg/kg of N02-arg administered i.p. 1 h before irradiation 
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Sham radiation 
(mean) 

FIGURE 2. NE release 0.5, 24, 48, and 72 hr after exposure to 30 Gy gamma rays. Values are 
means ± SEM of three separate experiments. 'Significantly different from sham radiation; 
p < 0.05. 

or sham-irradiation had no effect on the radiation-decreased NE release (data not 
shown). However, 3 mg/kg of N02-arg prevented the radiation-decreased NE 
release (FIG. 3); 5 mg/kg (FIG. 4) and 10 mg/kg (data not shown) N02-arg not only 
prevented the decrease in NE release in irradiated rats but also enhanced NE 
release in sham-irradiated rats (FIG. 4). Pretreatment with 1-3 mg/kg of indometha- 
cin i.p. 1 h before irradiation or sham-irradiation did not prevent radiation- 
decreased NE release and had no effect on sham-irradiated NE release (data not 
shown). In addition, i.p. pretreatment with 5-20 mg/kg of N02-arg did not inhibit 
rhIL-lß-induced PGE2 levels (data not shown). 

When 10 ng/kg of rhIL-lß was administered i.p. 48 h before sham irradiation, it 
increased hippocampal levels of total and selenium-dependent GSHPx (FIG. 5) and 
had no effect on SOD (FIG. 6) and NE release (FIG. 7). Radiation exposure 
decreased hippocampal NE release (FIGS. 5,8, and 9), decreased hippocampal levels 
of total and selenium-dependent GSHPx (FIG. 6), and had no effect on hippocampal 
SOD (FIG. 7). However, rhIL-lß pretreatment prevented radiation-decreased NE 

Sham 
radiation 
(mean) 

Radiation N02-arg N02-arg 
+sham eradiation 
radiation 

-Treatment- 

FIGURE 3. Effect of pretreatment with 3 mg/kg N02-arg i.p. 1 hr before radiation (10 Gy). 
Values are means ± SEM of three separate experiments. 'Significantly different from sham 
radiation;/; < 0.05. "'Significantly different from radiation;/? < 0.05. 
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Sham    Radiation     N02-arg     N02-arg 
radiation +sham     +radiation 
(mean) radiation 

I Treatment 1 

FIGURE 4. Effect of pretreatment with 5 mg/kg N02-arg i.p. 1 hr before irradiation (10 Gy). 
Values are means ± SEM of three separate experiments. 'Significantly different from sham 
radiation;/) < 0.05. "Significantly different from radiation;/; < 0.05. 

release (FIG. 5), increased hippocampal SOD (FIG. 7), and prevented the fall in total 
and selenium-dependent GSHPx (FIG. 6). In addition, in vitro administration of 10 or 
30 |i,g of SOD and 1 or 3 units of GSHPx prevented the radiation-decreased NE 
release (FIGS. 8 and 9). 

DISCUSSION 

These experiments demonstrate that radiation had no effect on hippocampal NE 
release 0.5 h after exposure but decreased NE release 24,48, and 72 h after exposure, 
depending on the radiation dose. At the present time we have no data to explain the 

C5S3 Selenium-dependent GSHPx 

Total GSHPx 

FIGURE 5. Effects of 48-h pretreatment with 10 u,g/kg of rhIL-lß alone, in combination with 
10 Gy of radiation, and radiation alone on hippocampal selenium-dependent and total GSHPx 
levels. 'Significantly different from control value; p < 0.05. "Significantly different from 
irradiated value;/) < 0.05. 
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Control Radiation        RhlL-1ß RhlL-1ß 
eradiation 

Treatment 1 

FIGURE 6. Effects of 48-h pretreatment with 10 |xg/kg of rhIL-lß alone, in combination with 
10 Gy of radiation, and radiation alone on hippocampal SOD levels. 'Significantly different 
from irradiated value; p < 0.05. 

differences in NE release at postirradiation time intervals. However, it has been 
suggested that the blood-brain barrier could be disrupted by ionizing radiation17 and 
would allow radiation-released neurotransmitters, such as prostaglandins (PGs), 
histamine, serotonin, and other circulating factors, (abnormal) access to neurons 
that modulate hippocampal NE release.18 It has been shown that prostaglandins of 
the E series inhibit the release of NE from sympathetic nerves in the CNS and in the 
periphery; conversely, inhibition of prostaglandin synthesis leads to an increase in 
NE release.19 The failure of indomethacin to prevent radiation-decreased hippocam- 
pal NE release and the failure of N02-arg to inhibit rhIL-lß-induced PGE2 levels 
suggest that the enhancement of NE release by N02-arg in the hippocampus is not 
due to inhibition of PGE2 synthesis. 

Immunochemical localization of NO synthase has been demonstrated in most 
areas of the rat brain, including the hippocampus. NO synthase forms NO from 

Treatment - 

FIGURE 7. Effects of 48-h pretreatment with 10 |xg/kg of rhIL-lß alone, in combination with 
10 Gy of radiation, and radiation alone on NE release in the hippocampus. *Significantly 
different from control value;/? < 0.05. *'Significantly different from irradiated value;/; < 0.05. 
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Control Radiation 10 ug SOD   30 ug SOD 
tradiation       +radiation 

-Treatment ' 

FIGURE 8. Effects of in vitro administration of SOD on radiation-decreased NE 48 h after 
exposure to 10 Gy of radiation. *Significantly different from control value;/) < 0.05. "Signifi- 
cantly different from irradiated value;/) < 0.05. 

1-arginine.6 Potential functions of NO have been elucidated using NOS inhibitors, 
which are derivatives of arginine. Many studies have used L-NG-monomethyl argi- 
nine (Me-arg), which is converted into arginine in several tissues and confounds 
interpretations. N02-arg is more potent than Me-arg and does not appear to undergo 
extensive metabolism.20 N02-arg is a competitive inhibitor of NOS, and it inhibits 
NOS activity irreversibly in the brain after systemic administration.21 Pretreatment 
with N02-arg reversed the radiation-decreased NE release, suggesting that NO 
synthase is involved in this phenomenon. Pretreatment with N02-arg also enhanced 
NE release in sham-irradiated rats, suggesting that NO is involved in the regulation 
of NE under normal conditions. 

As one of a special class of hormones called cytokines, rhIL-1 ß is a polypeptide of 
approximately 17.5 kDa. This polypeptide is synthesized and released by activated 
monocytes and macrophages to produce a number of effects, including stimulating 

FIGURE 9. Effects of in vitro administration of GSHPx on radiation-decreased NE release 48 h 
after exposure to 10 Gy of radiation. *Significantly different from control value; p < 0.05. 
"Significantly different from irradiated value;p < 0.05. 
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hepatocytes to elaborate acute phase proteins, secreting interleukin-2 (IL-2) and 
other lymphokines from T-cells, and producing fever by affecting thermosensitive 
neurons within the hypothalamic preoptic nucleus.22 In addition, after systemic or 
intracerebroventricular administration, rhIL-lß has shown a number of other central 
actions, including stimulating corticotropin-releasing hormone secretion,23 suppress- 
ing food intake,24 inducing slow wave sleep,25 inducing analgesia,26 and acting as an 
astroglial growth factor. Using immunocytochemical techniques, Lechan et al.21 have 
demonstrated the use of rhIL-1 ß in regions of the rat CNS involved with hypophysio- 
tropic, autonomic, limbic, and extrapyramidal functions. A radioligand binding study 
has shown that rhIL-lß receptors are widely distributed throughout the brain, 
especially in neuron-rich sites such as the granule cell layer of the dentate gyms, the 
pyramidal cell layer of the hippocampus, and the granule cell layer of the cerebellum, 
as well as in the hypothalamus.28 Although rhIL-lß cannot penetrate the blood- 
brain barrier, it exerts its central effects by entering the brain through the organum 
vasculosum of lamina terminalis,29 a hypothalamic area that lacks the blood-brain 
barrier. 

Considering the role of free radicals in radiation injury, it is apparent that 
mechanisms of protection involve detoxification of radicals produced by radiation.30 

Protectors of this type include xenobiotic scavengers of free radicals and inducible 
endogenous antioxidant defense mechanisms such as antioxidant enzymes.31-32 Cell 
damage induced by Superoxide radicals and related oxygen species, such as singlet 
oxygen and hydroxyl radicals, has recently been tentatively connected with the 
etiology of a number of pathological conditions in the brain.33-36 Enzymatic defense 
against activated oxygen species involves a cooperative action of several enzymes. 
The major defense against toxicity of Superoxide radicals is conferred by SOD. This 
enzyme catalyzes the dismutation of Superoxide radicals to hydrogen peroxide and 
oxygen. Although the resulting hydrogen peroxide is relatively less toxic (scavenged 
by catalase and GSHPx), a highly toxic hydroxyl radical is produced when hydrogen 
peroxide reacts with Superoxide or with transition metals such as iron or copper. 
Therefore, catalase and GSHPx, which scavenge hydrogen peroxide, act in concert 
with SOD.37 

Lipton et ö/.
38
 reported that congeners of NO are either neuroprotective or 

neurodestructive. NO can exist in distinct oxidation-reduction states that have very 
different biological actions. Indeed, the designation "nitric oxide" should be re- 
stricted to the reduced NO- form of the molecule, the parent NO should be called 
"nitrogen monoxide," and the oxidized form NO+, "nitrosonium ion." Lipton et a/.38 

present evidence that the neurotoxic action of NO- derived from the NO form of the 
molecule, which reacts with Superoxide anion to form peroxynitrite, is probably the 
final neurotoxic agent. On the other hand, NO in the form of the NO+ reacts with the 
thiol group of the NMDA receptor to block glutamate neurotransmission. In other 
words, conditions favoring NO- give rise to neurotoxicity, whereas neuroprotective 
effects occur in the presence of NO+. 

These studies demonstrate that rhIL-lß and irradiation together increased the 
hippocampal SOD level and prevented the fall in the GSHPx level. In addition, with 
rhIL-lß pretreatment, SOD and GSHPx prevented the radiation-decreased NE 
release. Induction of MnSOD messenger RNA by IL-la, IL-lß, lipopolysaccharide, 
and tumor necrosis factor have been reported.39-41 Although no results are currently 
available on the measurement of glutamate release in the hippocampus following 
exposure to radiation, our results support the hypothesis that toxic overstimulation 
of glutamate receptors by radiation or excitotoxicity contributes to overproduction of 
NO that can be toxic to neurons. NO freely diffuses to adjacent target neurons where 
it combines with the Superoxide anion (02_) produced by radiation to yield the 
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peroxynitrite anion (ONOO), which may cause cell death.42 It has been reported 
that SOD attenuates ONOO"-induced neurotoxicity.43 Although the mechanisms 
involved in prevention of radiation-decreased NE release in the hippocampus by 
rhIL-lß is unknown at the present time, it has been suggested that some of the 
mechanisms may be (a) increased production of antioxidant enzymes by rhIL-lß that 
scavenge free radicals generated by radiation, and (b) prevention of the formation of 
NO while enhancing the formation of NO+. Work is in progress to determine the 
effect of the corticotropin-releasing hormone, which is stimulated by rhIL-lß, on 
radiation-decreased NE release and antioxidant enzyme levels. 

CONCLUSION 

These results suggest that ionizing radiation decreased hippocampal NE release 
24, 48, and 72 h after exposure, and NO synthase is implicated in this radiation- 
decreased NE release. In addition, the prevention of radiation-decreased NE release 
in the hippocampus by rhIL-lß involves SOD and GSHPx. 
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IL-12, a potent stimulator of hemopoietic progenitor cells, was evaluated as a potential protector against 60Co- 
gamma radiation-induced lethal hemopoietic syndrome in mice. Administration of IL-12 before lethal irradiation 
of genetically distinct strains of mice, B6D2F, and C3H/HeJ, protected a significant fraction of both strains of mice 
from death. Radioprotection was associated with a fivefold increase in the number of bone marrow cells at 6 days 
after irradiation. Even at supralethal doses of radiation (1200 cGy), the number of c-kit+ bone marrow cells 3 days 
after irradiation was twofold greater in IL-12-treated mice than in saline-treated mice. However, mice that received 
IL-12 and 1200 cGy (B6D2F!) or 900 cGy (C3H/HeJ) died of the gastrointestinal syndrome, as was evident by gross 
necroscopy and histologic evaluation, within 4 to 6 days after irradiation. Induction of the gastrointestinal syn- 
drome in mice not treated with IL-12 required radiation doses of 1500 cGy or greater in both strains. Thus, at doses 
of radiation at which IL-12 still protects c-kit hemopoietic cells, it sensitizes the intestinal tract to damage. 
Radioprotection with IL-12 was abrogated by anti-IL-1 R or anti-stem cell factor Ab. Anti-IFN-y Ab did not affect 
IL-12-induced hemopoietic radioprotection, but abrogated sensitization of the intestinal tract by IL-12. The sen- 
sitizing effect of IL-12 may be related to its ability to prime mice to subsequent inflammatory challenge, as 
demonstrated by an almost 100-fold increase in circulating TNF and IL-6 levels in normal B6D2F! mice challenged 
with IL-12 and LPS. This priming effect of IL-12 also was abrogated by anti-IFN-yAb. The Journal of Immunology, 
1994, 153:4230. 

Exposure to ionizing radiation can lead to three dis- 
tinct modes of death, depending on the magnitude 
of the dose of radiation. At very high doses, in 

excess of 100 Gy, death that results from neurologic and 
cardiovascular breakdown occurs within 1 h and is re- 
ferred to as the cerebrovascular syndrome (1, 2). At inter- 
mediate doses of radiation in mice, usually exceeding 15 
Gy, death occurs in a matter of days (4 to 6), is associated 
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with the destruction of gastrointestinal (GI)3 tissue, and is 
referred to as the GI syndrome (1, 2). At lower doses of 
radiation, ranging from 7 to 15 Gy (depending on the 
strain of mice), death occurs within 1 to 4 wk, is ascribed 
to hemopoietic failure, and, therefore, is referred to as the 
hemopoietic syndrome (3). 

Administration of the cytokines IL-1, stem cell factor 
(SCF), and TNF before irradiation protects mice from 
death as a result of the hemopoietic syndrome (4-6). Abs 
to any one of these three cytokines abrogate LPS-induced 
radioprotection and render untreated mice more sensitive 
to radiation lethality (7-9). This finding indicates that en- 
dogenous production of these three cytokines in untreated 
mice and in mice that are radioprotected with LPS is the 
basis for radioprotection. Furthermore, radioprotection 
with IL-1 is abrogated by anti-SCF Ab, and radioprotec- 
tion with SCF is reduced by anti-IL-lR Ab, which sug- 
gests that radioprotection with either cytokine requires in- 
teraction with the other (10, 11). Consistent with this 

3 Abbreviations used in this paper: GI, gastrointestinal; BM, bone marrow; 
BMC, bone marrow cells; SCF, stem cell factor; PE, phycoerythrin. 

Copyright © 1994 by The American Association of Immunologists 0022-1767/94/$02.00 
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requirement for interaction of IL-1, SCF, and TNF in ra- 
dioprotection, combined administration of IL-1 and TNF 
or IL-1 and SCF results in synergistic radioprotection 
(5, 10, 11). 

IL-12 is a newly identified cytokine produced by mono- 
cytes/macrophages and lymphocytes after challenge with 
bacteria or their products (12). Originally identified as NK 
cell stimulatory factor (13,14), IL-12 has been recognized 
to play a role in the generation of Thl cells from ThO cells 
(14-16). More recently, IL-12 has been implicated as a 
hemopoietic cytokine on the basis of its ability to syner- 
gize with hemopoietic growth factors to increase the num- 
ber and the size of hemopoietic colonies (17-19). Because 
of the ability of IL-12 to promote the growth of hemopoi- 
etic progenitor cells, we have evaluated IL-12 for its abil- 
ity to protect from lethal irradiation. 

Materials and Methods 
Mice 

B6D2FJ and C3H/HeJ female mice, 8 to 10 wks old, were purchased 
from The Jackson Laboratory (Bar Harbor, ME). Mice were handled as 
described previously (5). All animal use protocols were approved by the 
Institutional Animal Use and Care Committee, Armed Forces Radiobi- 
ology Research Institute (AFRRI). 

Abs 

Rat monoclonal IgGl anti-murine IL-1R Ab (35F5) and anti-murine IL-6 
(20F3) were generous gifts from Dr. Richard Chizzonite (Hoffmann-La 
Roche, Nutley, NJ) and Dr. John Abrams (DNAX, Palo Alto, CA), re- 
spectively (20, 21). A rat IgGl mAb to ß-galactosidase (GL113) was 
used as a control. Anti-murine TNF (TN3.19.12.) was a generous gift 
from Dr. Robert Schreiber (Washington University, St. Louis, MO) (22). 
Rat IgGl anti-IFN--y mAb (XMG-6) was purified from ascites by 
(NH4)2S04 precipitation and DE-52 ion-exchange chromatography. A 
polyclonal rabbit anti-murine SCF Ab was generously provided by Dr. 
Douglas Williams (Immunex, Seattle, WA), along with rabbit preim- 
mune control serum. Chromatographically purified rat IgG (Sigma 
Chemical Co., St. Louis, MO) was used as an additional control. R- 
phycoerythrin (R-PE)-conjugated rat anti-mouse c-kit mAb 3C1 (IgG2b) 
and PE-conjugated rat IgG2b (control) were purchased from PharMingen 
(San Diego, CA). 

Treatment 

Murine rIL-12 (batch MRB 021693-1.2, bioactivity of 5.6 X 106 

U/mg) was provided by Genetics Institute (Cambridge, MA) and hu- 
man IL-1 (rhuIL-la 117-271 Ro 24-5008 lot IL 1 2/88, activity 3 X 
108 U/mg) was kindly provided by Dr. Peter Lomedico, (Hoffmann-La 
Roche). The Abs and recombinant cytokines were diluted in pyrogen- 
free saline on the day of injection. Abs or control Ig were given i.p. 
6 to 20 h before i.p. injection of cytokines. In experiments in which 
TNF and IL-6 in the serum were assessed, mice were challenged with 
5 /Lig/mouse of LPS. 

Irradiation 

Mice were randomized, placed in ventilated Plexiglass containers, and bi- 
laterally irradiated by using the AFRRI 60Co whole body irradiator as de- 
scribed (11). The number of surviving mice was recorded daily for 30 day. 

FACS analysis 

Bone marrow cells (BMC) were obtained by flushing femurs into RPMI 
medium that contained 5% FCS. After being washed, cells were counted 
and resuspended in Dulbecco's PBS with 2% FCS at the concentration of 
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FIGURE 1. Radioprotective effect of IL-12 in mice. C3H/ 
HeJ (a) and B6D2F, (b) mice received 1 jag/mouse of IL-12, 
IL-1, or saline injections and, 18 h later, were irradiated with 
the indicated doses. The results are presented as the percent- 
age of survival 30 days after irradiation. The numbers above 
the bars represent the total number of mice in each experi- 
mental group. 

2 X 106/ml. Cells were stained for 30 min with 10 /u,g/ml of either 
PE-conjugated, anti-murine c-kit Ab (3C1) or PE-conjugated, control 
IgG2b. The cells were washed twice and resuspended in 1 ml of 2% FCS 
and Dulbecco's PBS. The percentage of c-kit+ cells was calculated by 
subtracting the percentage of cells stained with control Ab from the per- 
centage of cells stained with c-kit Ab. 

Immunofluorescence analysis was performed with an EPICS ELITE 
flow cytometer (Coulter Electronics, Miami, FL) by using logarithmic 
amplification. RBCs, platelets, and debris were excluded from the anal- 
ysis on the basis of light scatter criteria. Twenty-five thousand cells were 
counted for each histogram. 

TNF and IL-6 assays 

TNF cytotoxicity in the sera was assessed on L-929 fibroblasts plated in 
96-well, flat-bottom microtiter plates. After 24-h incubation of 4 X 104 

L cells/well to establish confluent monolayers, twofold serial dilutions (in 
duplicates) of each test serum were added to wells in the presence of 
actinomycin D (1 /xg/ml). That the cytotoxic effect was indeed caused by 
TNF was confirmed by simultaneous addition of anti-TNF Ab (TN3, 
12.19) to serum samples. After 20-h incubation, the plates were washed 
and stained with 0.05% crystal violet in 20% ethanol. The standard, hu- 
man rTNF (kindly provided by Dr. Grace Wong, Genentech, San Fran- 
cisco, CA), was included in each assa^, with 1 U being equivalent to a 
concentration lysing 50% of the cells arid ranging from 1.9 to 3.8 pg/U 
in different assays. IL-6 was quantified by using a murine IL-6 ELISA 
from Endogen (Boston, MA). 

Statistical analysis 

Statistical evaluation of the results was conducted by using x2 analysis. 
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Effect of Anticytokine Antibodies on Radioprotection by IU2       Table I.    Effect of IL-12 dosage on radiosensitization3 
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FIGURE 2. Effect of anti-IL-1 R, anti-SCF, and anti-IFN-y 
Abs on radioprotection with IL-12. B6D2F! mice received 
i.p. 100 ^ig/mouse of anti-IFN-7, anti-IL-1 R, GL113 (control 
lgG2b), or 1:20 dilution of anti-SCF serum and, 5 h later, 1 
jug/mouse of IL-12. Twenty hours later, the mice were ex- 
posed to 950-cGy 60Co whole body radiation. The survival 
was recorded daily for 30 days. * p < 0.001 different from 
IL-12-radioprotected mice. 

Results 
Radioprotection by IL-12 administered before 

irradiation 

The stimulatory effect of IL-12 on hemopoietic progeni- 
tors (17-19), similar to those reported for SCF and IL-1 
(23), inspired us to undertake experiments to compare 
IL-12 with IL-1 as a potential radioprotector. A single 
dose of 1 //.g/mouse of IL-12 given i.p. 18 to 24 h before 
a 60Co-gamma whole body lethal irradiation protected a 
significant fraction of C3H/HeJ and B6D2F! mice from 
death (Fig. 1, a and b). The radioprotective effect of IL-12 
was comparable with that of IL-1 (Fig. lb). The mice 
treated with IL-12 had increased numbers of nucleated 
BMC (8.4 X 105/femur in IL-12-treated mice vs 1.8 X 
105/femur in control mice) at 6 days after 950-cGy 
radiation. 

The effect of anti-IL-1 R, anti-SCF, and anti-IFN-y Ab 

on IL-12-induced radioprotection 

Our previous work showed that SCF and IL-1 are inter- 
dependent radioprotectors (10, 11). Although there is no 
evidence that IL-12 induces SCF or IL-1, IL-12 is an inducer 
of IFN-7, and a number of its effects are attributed to IFN-7. 
As shown in Figure 2, Ab to IFN-7 did not affect IL-12 ra- 
dioprotection (although the same amount of this Ab was ef- 
fective in other assays; see below), whereas Abs to IL-1R and 
SCF abrogated IL-12 radioprotection, which indicates that 
the radioprotective effect of IL-12 is not mediated by IFN-7, 
but does require IL-1 and SCF cooperation. 

Mean Survival Time (days) 

B6D2F, C3H/HeJ 

Treatment Before After Before 

IL-12, 1.0 ;u.g 4.0 ± 0.0 4.0 ± 0.0 3.9 ± 1.6 
IL-12, 0.2 ju-g 4.7 ± 0.9 4.3 ± 0.7 8.9 ± 1.3 
IL-12, 0.04 fig 6.2 ± 1.0 5.6 ± 0.8 11.8 ± 1.2 
Saline 9.6 ± 1.2 12.1 ± 1.0 

" Mice (n = 20 for each experimental group) received i.p. injections of 
IL-12 either 18 h before or 1 h after irradiation with 1200 cGy (B6D2F,) or 900 
cGy (C3H/HeJ). 
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FIGURE 3. Time dependence of the radiosensitizing effect 
of IL-12. B6D2F, mice received 1 /xg/mouse of IL-12 at the 
indicated times, before or after 1200-cGy irradiation. The 
number of mice in each experimental group ranged from 18 
to 30. 

IL-12 sensitizes mice to the lethal effect of radiation 

IL-1 and SCF given in combination are synergistic in pro- 
tecting mice from lethal radiation (10, 11). In these stud- 
ies, the LD50/30 were as follow: 866 cGy for saline-treated 
mice; and 1009 cGy for IL-1-treated and 1106 cGy for 
SCF-treated mice, whereas the treatment with the combi- 
nation of the two cytokines resulted in LD50/30 of 1273 
cGy. Because IL-12, like IL-1 and SCF, has a costimula- 
tory effect on BM progenitor cell growth and, as shown 
above, also is radioprotective by itself, we tested the pos- 
sibility that IL-12 may enhance radioprotection by SCF or 
IL-1. Unexpectedly, combined administration of SCF and 
IL-12, as well as administration of IL-12 alone, resulted in 
accelerated death of mice exposed to 1200 cGy (Table I). 
Both B6D2F! and C3H/HeJ mice that received 1 /ig/ 
mouse of IL-12 succumbed within 4 days to radiation- 
induced death, which is consistent with death as a result of 
GI injury. This apparent sensitizing effect was dependent 
on the dose of IL-12 and the strain of mouse. One hundred 
percent of C3H/HeJ mice (which are more susceptible to 
radiation (LD100/30 = 750 cGy) than are B6D2Fj mice 
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FIGURE 4. The protective effect of anti-IFN-7 Ab on sensi- 
tization of mice to Gl death by IL-12. B6D2F, mice received 
100 jug/mouse anti-IFN-7 Ab, an isotype-matched IgG 
(GL113), or saline then 200 ng of IL-12 either 18 h before or 
1 h after irradiation with 1200-cGy whole body 60Co 
gamma. The results present survival at 6 days. The numbers 
above the bars represent the number of mice in each exper- 

imental group. 

(LD100/30 = 950 cGy)) were dead within 4 days after 900 
cGy, and B6D2F! mice died within 4 days after 1200 cGy. 
In the absence of IL-12 treatment, the C3H/HeJ died 
within 6 days after 1500 cGy, and B6D2FJ mice required 
doses greater than 1600 cGy. Similar sensitization of 
B6D2F! mice also was induced when IL-12 was given 18 
h before or within 2, but not 3, days after irradiation (Fig. 
3). The sensitizing effect of IL-12 was abrogated by 100 
/xg/mouse of anti-IFN-7 Ab, thus, indicating that IFN-7 
was an essential mediator contributing to accelerated death 
(Fig. 4). 

Three days after irradiation with 1200 cGy, mice treated 
with IL-12 had twofold higher numbers of nucleated 

Table II.    The radioprotective effect of IL-12 on BMC of mice 
irradiated with 1200 cGya 

Treatment BMC/Femur Percentage of c-kit+ c-/c/t+/Femur 

RX + IL-12 
RX control 

3.4 X 104 

2.8 X 104 
9.7 
5.4 

3,298 
1,512 

a B6D2F, mice (10 mice/group) received 1 jxg/mouse of IL-12 18 h before 
whole-body 60Co irradiation. Three days after irradiation, BMC from 10 fe- 
murs/group were analyzed as described in Materials and Methods. 

BMC/femur that expressed c-kit+, a phenotypic marker 
characteristic of BM progenitor cells, than did control 
mice (Table II and Fig. 5). This result indicates that even 
at doses of radiation at which it causes GI damage and 
death, IL-12 still radioprotects hemopoietic cells. 

Gross necropsy 3 days after 1200-cGy radiation of mice 
treated with IL-12 revealed that the lumen of the small 
intestine was moderately distended with fluid ingests, 
which suggests the disruption in the absorption process. In 
mice treated with IL-12 and anti-IFN-y Ab, the gut 
seemed to be normal. As determined microscopically, 
treating 1200-cGy-irradiated mice with IL-12 greatly ex- 
acerbated the histologically observed damage to the gut 
induced by radiation alone, with a much greater decrease 
occurring in the number of crypts (Fig. 6, b vs d). The 
extent of damage caused by IL-12 and 1200 cGy was 
greater than that caused by 1600-cGy irradiation (Fig. 6c), 
a dose that results in death of B6D2FX mice within 6 days. 
Treating the 1200-cGy-irradiated, IL-12-treated mice with 
anti-IFN-7 Ab markedly reversed the damage (Fig. 6e). In 
contrast, megakaryocytes were absent from the spleens of 
1200-cGy-irradiated mice, but still were found in the 
spleens of irradiated mice that received IL-12, as well as 
those that received IL-12 plus anti-IFN-7 Ab, further 

FIGURE 5. Flow cytometric profiles of 
BMC obtained 3 days after 1200-cGy irra- 
diation, with and without IL-12 treatment, 
and stained with anti-c-/c/f Ab. The upper 
panels represent total BMC stained for c- 
kit, and the lower panels represent the cells 
that remained after cells that stained for IgG 
had been subtracted (see also Table II). 
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FIGURE 6. Photomicrographs of jejunal sections from normal B6D2F! mice (a), and from 1200-cGy-irradiated mice (b, d, 
and e), and 1600-cGy-irradiated mice (c) 3 days after radiation. Panel a) normal B6D2F, mice exhibit normal appearance, 
shape, number, and length of the mucosal villi, along with organized appearance of the deep crypt layer. Panel b) in 1200- 
cGy-irradiated mice, moderate damage to the mucosa is observed, villi exhibit a moderate shortening in length and decrease 
in number, the layer containing the deep crypt area displays a decrease in crypt number, and occasional crypts contain necrotic 
epithelial cells sloughed from the basement membrane. Panel c) 1600-cGy-irradiated mice show moderate to severe damage 
to the mucosa, and some viable crypts are still evident in the deep mucosa, but a majority have lost cellularity. Some crypts 
contain only a few viable epithelial cells; villi are shortened and, in some areas, fused. Panel d) IL-12 treatment and 1200-cGy 
irradiation result in severe mucosal damage, evidenced by a marked shortening of villi and evidence of villi fusion; remaining 
epithelial cells lining the villi tips exhibit pleomorphism; and most deep crypt areas have lost epithelial lining cells, causing 
many to collapse. Panel e) in mice that received anti-IFN-7 Ab, IL-12, and 1200cGy, mucosal villi also are shortened and fewer 
in number, but less severe damage to the mucosal layer is visible than in c or d; there is a moderate decrease in the number 
of deep crypt areas; but remaining crypts are lined by viable epithelial cells, are similar in size and shape, and maintain a more 

ordered appearance in this layer. 
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Table III.    The effect of dose oflL-12 on LPS induction of TNF 
and lL-6a 

IL-12 LPS TNF (ng/ml) IL-6 (ng/ml) 

1000 ng 
100 ng 
20 ng 

None 

16.8 ±4.6 
14.8 ±4.9 

8.5 ± 2.3 
0.1 ± 0.05 

80.0 
26.5 

1.69 

a B6D2F, mice received IL-12 in indicated doses and, 18 h later, 5 jig/ 
mouse of LPS. Groups of mice (three to five/group) were bled 90 min and 4 h 
later for TNF and IL-6 assays, respectively. Control mice that received the 
priming and challenging injections of 1 jig/mouse of IL-12 had no detectable 
TNF or IL-6. 

Table V.    Anti-IFN-y Ab abrogates IL-12 priming for LPS-induced 
TNF and IL-6' 

Treatment 
TNF 

(pg/ml) 
IL-6 

Ab IL-12 LPS (pg/ml) 

anti-IFN-y 
IgC 

+ 
+ 

+ 
+ 
+ 

125 
250 

4,000 

2,600 
4,590 

82,100 

a Groups of B6D2F, mice (three to six/group) were administered 100 /ig/ 
mouse of anti-IFN-y or IgC control and, 5 h later, 1 /ig/mouse of IL-12. After 
an additional 18 h, mice received 5 jig/mouse of LPS. Blood was obtained 90 
min and 4 h later for TNF and IL-6 measurements, respectively. 

Table IV.    Time dependence of IL-12 priming for LPS induction of 
TNF and IL-6a 

Interval Between 
IL-12 and LPS (h) TNF (pg/ml) IL-6 (pg/ml) 

0 250 1,975 
4 8,000 32,600 

18 64,000 84,800 
48 32,000 85,200 
72 32,000 47,300 
96 4,000 ND 

120 2,000 ND 

" B6D2F, mice received i.p. 200 ng/mouse of IL-12 and, at indicated time 
intervals, were administered i.p. 5 /ig/mouse of LPS. Mice were bled at 60 to 
90 min for TNF and at 4 h for IL-6 determinations. The results are the mean 
values of five separate experiments having three mice/group. TNF levels at 
individual time points did not vary by more than twofold to fourfold in indi- 
vidual experiments. 

confirming that hemopoietic components were protected 
by IL-12. 

Effect of IL-12 on LPS-induced TNF and IL-6 
production 

It is possible that, in addition to inducing IFN-7, IL-12 
treatment of mice results in additional systemic effects 
that, in turn, may contribute to the observed exacerbation 
of radiation-induced damage to the gut. One such possi- 
bility may involve excessive production of proinflamma- 
tory cytokines. To assess this possibility, normal mice re- 
ceived IL-12 and subsequently were challenged with LPS. 
Such combined treatment greatly enhanced the levels of 
the proinflammatory cytokines TNF and IL-6. Priming for 
LPS induction of IL-6 and TNF was observed at doses of 
IL-12 as low as 20 ng/mouse (Table III), was detectable 
within 4 h after IL-12 administration, peaked at 18 to 72 h, 
and still was present at 5 days after IL-12 administration 
(Table IV). As in the case of sensitization by IL-12 to GI 
injury caused by irradiation, the priming was abrogated by 
anti-IFN-y Ab (Table V). 

Discussion 

The results of our study demonstrate that treating mice 
with IL-12 has opposite effects on the response of hemo- 
poietic and intestinal tissue to ionizing radiation. The in- 

creased survival of IL-12-treated mice given lethal irradi- 
ation (which causes death from hemopoietic failure) is 
associated with increased numbers of nucleated BMC in 
IL-12-treated vs control, saline-treated mice. Moreover, 
greater numbers of c-kit+ BMC were detected in IL-12- 
treated mice compared with control mice 3 days after ra- 
diation with 1200 cGy, although IL-12-treated, but not 
control mice, succumbed to GI death 1 day later. 

The radioprotective effect of IL-12 on BMC may be 
related to its ability to stimulate hemopoiesis. Although 
IL-12 by itself does not support the growth of progenitor 
cell colonies, it acts synergistically together with SCF and 
IL-1 to promote the growth of primitive hemopoietic stem 
cells (17-19). Indeed, radioprotection with IL-12 requires 
the presence of IL-1 and SCF, as was indicated by abro- 
gation of the radioprotection by anti-IL-lR and anti-SCF 
Ab (Fig. 2). This mutual interdependence of IL-12, IL-1, 
and SCF extends our previous findings on co-dependence 
of IL-1 and SCF in radioprotection (10, 11). Unlike many 
other effects of IL-12, its induction of radioprotection is 
IFN-y independent, because it is not abrogated by anti- 
IFN-7 Ab. This is consistent with the finding that IL-12 
acts directly to stimulate proliferation of primitive stem 
cells (17). 

The identification of IL-12, IL-1, and SCF as protectors 
of hemopoiesis from radiation poses a question of whether 
and how their synergistic, costimulatory effects on hemo- 
poiesis contribute to radioprotection. We hypothesize that 
radioprotection, in part, may be on the basis of the ability 
of these cytokines to induce and/or promote cycling of 
early hemopoietic progenitors to reach a more radioresis- 
tant phase of the cell cycle. Both IL-1 and SCF in vivo 
stimulate expansion of early hemopoietic progenitor cells 
(24-27). Within 18 h after administration of IL-1 progen- 
itor, BMC were much more sensitive to hydroxyurea, 
which is selectively toxic to cells in the S phase, and had 
an increased proportion of cells in the S + G2+M phase of 
cell cycle (24, 25). Moreover, the lag period (greater than 
4 h but less than 48 h) that is required for optimal radio- 
protection with IL-1 (4), SCF (11), and IL-12 (data not 
shown) further suggests that entry into a specific phase of 
the cell cycle, rather than mere expansion of hemopoietic 
progenitors, may be critical for radioprotection. Studies 
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with synchronized cultures of numerous mammalian cell 
lines have established that the late S phase of the cell cycle 
is most radioresistant (28). Similarly, in vivo synchroni- 
zation of rapidly dividing crypt cells in mouse jejunum by 
5 i.p. injections of hydroxyurea followed by exposure at 
time intervals thereafter to 1100 cGy of gamma rays in- 
dicated that crypt cells irradiated during late S phase were 
100-fold more resistant than were the cells in Gj/S phase 
(29). These observations lead us to predict that driving 
stem and progenitor cells to late S phase may contribute to 
fnyeloprotection. 

The finding that a single dose of IL-12, even as low as 
40 ng/mouse, renders irradiated mice more sensitive to 
death as a result of GI damage was unexpected. The dose 
of radiation that was lethal within 4 to 6 days to 100% of 
IL-12-treated mice was lower by 600 cGy for C3H/HeJ 
mice (900 cGy instead of 1500 cGy) and by 400 cGy in 
B6D2FX mice (1200 cGy instead of 1600 cGy). Histolog- 
ically, the damage to crypt cells observed in jejunal sec- 
tions obtained 3 days after combined treatment with IL-12 
and 1200 cGy from B6D2FJ mice was even more exten- 
sive than was the damage caused by 1600 cGy. Because 
anti-IFN-y Ab abrogates this sensitizing effect of IL-12, 
IFN-y is an important mediator for such sensitization. The 
finding that IL-12 primes mice to LPS challenge and en- 
hances production of TNF and IL-6 may be relevant to 
increased gut sensitivity to radiation. The gut may be an 
important target tissue in which priming by IL-12 to sub- 
sequent inflammatory stimuli occurs. Because probably 
only a small fraction of the 5-ju.g dose of LPS reaches the 
gut, we presume that our experimental system reflects con- 
ditions under which IL-12 exacerbates damage caused by 
agents such as LPS or ionizing radiation. This priming by 
IL-12 for the induction of TNF and IL-6 by LPS may be 
associated with the ability of IL-12 to prime mice for the 
lethal Shwartzman reaction (30). Although our attempts to 
measure TNF in the sera of mice 3 days after 1200-cGy 
radiation did not show evidence of high levels of TNF in 
circulation (results not shown), IL-12 has been reported to 
enhance TNF gene expression (31). Consequently, it is 
possible that TNF is increased and bound to cells in tissues 
and may promote apoptotic death via the TNFR-1 (32-34). 
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Abstract 
The administration of lipopolysaccharide (LPS) results in the activation of the 
hypothalamic-pituitary-adrenal axis (HPAA). We recently reported that the 
participation and interaction of LPS-induced proinflammatory cytokines 
were obligatory for the stimulation of adrenocorticotropic hormone (ACTH) 
release by LPS. LPS and LPS-derived cytokines also stimulate the release of 
histamine (HA). HA is a known hypothalamic neurotransmitter and activates 
the HPAA. Therefore, to elucidate the role of HA in LPS- and cytokine- 
induced ACTH release, we evaluated the effects of several HA Hi and H2 

receptor antagonists on the ACTH response to LPS, recombinant human 
interleukin-1 a (rhIL-la) and HA in mice. Although all 3 of the Hi receptor 
antagonists administered (mepyramine (MEP), diphenhydramine (DPH) or 
promethazine (PMZ)) were able to block the 10-min ACTH response to HA, 
only PMZ (a less selective Hi receptor antagonist than MEP) was able to 
reduce the LPS- or rhIL-la-induced ACTH responses. Ranitidine, a powerful 
and selective H2 receptor antagonist, had little effect on the LPS- and rhlL- 
la-induced ACTH responses, while metiamide (MET), a much less potent 
first-generation H2 receptor antagonist, substantially diminished ACTH re- 
lease. The greater effectiveness of PMZ, in contrast to MEP or DPH, probably 
relates to the ability of phenothiazine derivatives to inhibit non-HA-depen- 
dent pathways involved in the stimulation of the HPAA by cytokines; the 
same may be true of MET. Our results suggest that, in contrast to the essential 
role of HA in the activation of the HPAA by noninflammatory Stressors, the 
stimulation of ACTH release by LPS and rhIL-la is not as dependent on the 
participation of either the Hi or the H2 receptor. 

Introduction 

We previously reported that the activation of the hypo- 
thalamic-pituitary-adrenal axis (HPAA) by lipopolysac- 
charide (LPS) requires the participation and interaction 

of the LPS-induced proinflammatory cytokines, interleu- 
kin (IL)-l, IL-6 and tumor necrosis factor (TNF), and that 
the relative importance of these three cytokines varies at 
different time points after LPS challenge [1-4]. Hista- 
mine (HA) production is also stimulated by LPS [5, 6] as 
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well as LPS-derived cytokines [7-9], and HA, in turn, can 
induce the production and potentiate the action of in- 
flammatory cytokines [10-12]. HA acts as a hypothalamic 
neurotransmitter [13-16] and is involved in the neuroen- 
docrine control of pituitary hormone secretion [17, 18], 
including the stimulation of the HPAA [17-28]. 

Recently, the presumed hypothalamic site of action of 
HA was confirmed. Ohgo et al. [29] observed that HA 
elicited a significant increase in corticotropin-releasing 
hormone (CRH) from superfused rat hypothalamic ex- 
plants and Kjasr et al. [27] reported that the central 
administration of both HA Hi and H2 agonists signifi- 
cantly increased the CRH concentration in pituitary por- 
tal blood. The same group also noted that the plasma 
adrenocorticotropic hormone (ACTH) responses to cen- 
trally administered HA were significantly attenuated by 
the preadministration of specific antisera to CRH or vaso- 
pressin (VP) suggesting that CRH and VP mediate the 
ACTH response to HA [28]. 

Both centrally and systemically administered Hi and 
H2 receptor antagonists diminish the plasma ACTH re- 
sponse to HA in experimental animals further suggesting 
the participation of both Hi and H2 receptors in HA- 
induced ACTH release [17, 19, 21-25]. Recently, an 
essential role for both the Hi and H2 receptor in the acti- 
vation of the HPAA by various noninflammatory Stres- 
sors has also been demonstrated [30, 31]. 

These studies suggested the possibility that HA may be 
a mediator of LPS- and cytokine-induced ACTH release. 
In the only report to date involving antihistamines and an 
inflammatory Stressor, i.e. LPS, Suzuki and co-workers [5, 
6] partially blocked the corticosterone response to LPS in 
rats by preinjecting the Hi receptor antagonist, prometha- 
zine (PMZ), and concluded that the Hi receptor plays an 
important role in LPS-induced HPAA activation. On the 
other hand, Ohgo et al. [29] observed that rhIL-lß- 
induced CRH release from superfused rat hypothalamo- 
neurohypophyseal complexes was not affected by a com- 
bination of Hi and H2 receptor antagonists. We therefore 
decided to further evaluate the role of HA in the activa- 
tion of the HPAA by LPS and IL-1 by assessing the effects 
of various Hi and H2 receptor antagonists in mice. 

In the first set of experiments, groups of 5 mice were injected 
intraperitoneally (i.p.) with vehicle (0.5 ml pyrogen-free normal sa- 
line), LPS, one of five different antihistamines alone or LPS mixed 
with one of the five different antihistamines at 08:00 h. Either 2 or 
4 h later, unanesthetized mice were decapitated (model 130 Rodent 
Decapitator; Harvard Apparatus, South Natick, Mass., USA) with 
minimal stress to obtain plasma samples for ACTH. In the second set 
of experiments, the procedure was identical except that recombinant 
human IL-1 a (rhIL-la) was substituted for LPS and plasma ACTH 
samples were obtained only 2 h after the injections. 

In the third set of experiments, groups of 5 mice were injected i.p. 
with vehicle or one of five different antihistamines at 07:30 h. Thirty 
minutes later, HA was administered i.p. to all of the pretreated 
groups, and HA or vehicle was administered to groups that had not 
received any pretreatment as well. Plasma samples were acquired 
10 min after HA or vehicle injections. 

LPS, rhIL-a, Histamine, Antihistamines 
rhIL-1 a (117-271 Ro 24-5008, lot IL-1 2/88; specific activity 3 x 

108 U/mg) was generously provided by Dr. Peter Lomedico, Hoff- 
mann-La Roche (Nutley, N.J., USA). LPS (protein-free; prepared 
from Escherkhia coli K235 by the phenol-water extraction method) 
was kindly provided by Dr. Stefanie Vogel, Uniformed Services Uni- 
versity of the Health Sciences (Bethesda, Md., USA). 

HA dihydrochloride was obtained from Sigma (St. Louis, Mo., 
USA). The Hi receptor antagonists used were mepyramine (MEP; 
Sigma), diphenhydramine (DPH; Parke Davis, Morris Plains, N.J., 
USA) and PMZ (Wyeth, Philadelphia, Pa., USA). The H2 receptor 
antagonists used were ranitidine (RAN; Glaxo, Research Triangle 
Park, N.C., USA) and metiamide (MET; SmithKline Beecham, King 
ofPrussia,Pa.,USA). 

All amounts of LPS, rhIL-la, HA and all of the antihistamines 
except MET were diluted in 0.5 ml pyrogen-free saline just prior to 
injection. MET was dissolved in 1.0 JVHC1, adjusted to pH 4-6 with 
0.1 iVNaOH, and then diluted with saline. 

Measurement of Plasma ACTH 
ACTH was assayed in plasma obtained from decapitated mice 

using an 125I RIA kit (Incstar Corp., Stillwater, Minn., USA) as pre- 
viously described [3]. The ACTH antibody used in this assay is 
derived from rabbits immunized against ACTHi_24, a region that is 
identical in human and murine ACTH. The threshold sensitivity of 
this assay was 8 pg/ml. 

Statistical Analysis 
In figures 1-4, evaluation of the results was carried out using 

analysis of variance, followed by Fisher's protected least significant 
difference test. 

Results 

Materials and Methods 

Animals and Experimental Procedures 
Female C3H/HeN mice were purchased from the Animal Genet- 

ics and Production Branch, NCI (Frederick, Md., USA). Mice were 
handled as previously described [3]. All research procedures were 
approved by an Institutional Animal Care and Use Committee. 

Effects of Hi Receptor Antagonists, MEP or DPH, or 
H2 Receptor Antagonist, RAN, on the Plasma Level of 
ACTH2 h after Challenge with LPS or rhIL-la 
Figure la demonstrates the effect of the Hi receptor 

antagonists, MEP or DPH, or the H2 receptor antagonist, 
RAN, on the 2 h ACTH response to 1 ug of LPS. We 
chose 1 ug of LPS because, in our earlier work, it was the 
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Fig. 1. Effects of Hj receptor antagonists, MEP or DPH, or H2 

receptor antagonist, RAN, on the plasma level of ACTH 2 h after 
challenge with LPS (a) or rhIL-la (b). C3H/HeN mice received i.p. 
injection of MEP (30 mg/kg), DPH (5 mg/kg) or RAN (30 mg/kg) 
mixed with 1 Lig of LPS (a) or 100 ng of rhIL-la (b). Other mice were 
administered vehicle, or 1 Lig of LPS (a), or 100 ng of rhIL-la (b) 
only. Blood samples were obtained 2 h after all injections. Each bar 
represents the mean + SEM for 9-35 animals. * p < 0.05 (vs. LPS 
alone (a) or rhIL-la alone (b)). 
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Fig. 2. Effects of Hi receptor antagonist, PMZ, on the plasma lev- 
el of ACTH 2 h after challenge with LPS (a) or rhIL-la (b). C3H/ 
HeN mice received i.p. injection of PMZ (2 or 10 mg/kg) mixed with 
1 |xg of LPS (a) or 100 ng of rhIL-la (b). Other mice were adminis- 
tered vehicle, or PMZ (2 or 10 mg/kg), or 1 ug of LPS (a), or 100 ng 
rhIL-1 a (b) only. Blood samples were obtained 2 h after all injections. 
Each bar represents the mean ± SEM for 9-25 animals. * p < 0.05 
(vs. LPS alone (a) or rhIL-la alone (b)). 

smallest dose of LPS which produced a maximal ACTH 
response at 2 h [1]. The doses of MEP (10 and 30 mg/kg), 
DPH (2 and 5 mg/kg) and RAN (10 and 30 mg/kg) chosen 
inhibit HA-induced ACTH release when administered 
systemically to rats [19, 22, 23]. Only data for the larger 
doses of antihistamine are shown. Neither MEP nor DPH 
attenuated the LPS-induced ACTH response. RAN pro- 

duced a significant, but very small, decrease in LPS- 
induced ACTH release. Neither MEP, DPH nor RAN 
had an effect on the 4 h ACTH response to 5 tig of LPS 
[data not shown]. 

Figure lb demonstrates the effect of the same doses of 
MEP, DPH or RAN on the 2 h ACTH response to 100 ng 
of rhIL-la. In our mice, the administration of 100 ng 
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Fig. 3. Effects of H2 receptor antagonist, MET, on the plasma lev- 
el of ACTH 2 h after challenge with LPS (a) or rhIL-la (b). C3H/ 
HeN mice received i.p. injection of MET (80 or 160 mg/kg) mixed 
with 1 |ag of LPS (a) or lOOng of rhIL-la (b). Other mice were 
administered vehicle, or MET (80 or 160 mg/kg), or 1 ng of LPS (a), 
or 100 ng rhIL-la (b) only. Blood samples were obtained 2 h after all 
injections. Each bar represents the mean ± SEM for 9-15 animals. 
* p < 0.05 (vs. LPS alone (a) or rhIL-la alone (b)). 

Effects of Hi Receptor Antagonist, PMZ, on the 
Plasma Level of ACTH 2 h after Challenge with 
LPSorrhIL-la 
Figure 2a demonstrates the effect of the Hi receptor 

antagonist, PMZ, on the 2 h ACTH response to 1 ug of 
LPS. The doses of PMZ (2 and 10 mg/kg) chosen diminish 
HA-induced ACTH release [22, 23], and HA- or LPS- 
induced corticosterone release [5] when administered sys- 
temically to rats. Either 2 or 10 mg/kg of PMZ significant- 
ly diminished the ACTH response to 1 jxg of LPS in a 
dose-dependent fashion. These doses had a similar effect 
on the 4 h ACTH response to 5 jxg of LPS [data not 
shown]. 

Figure 2b demonstrates the effect of the same doses of 
PMZ on the 2 h ACTH response to 100 ng of rhIL-1 a. The 
10 mg/kg dose of PMZ significantly attenuated the rhlL- 
la-induced ACTH response. 

The 2 or 4 h ACTH responses to either dose of PMZ 
administered alone were negligible and no different from 
the ACTH response to vehicle alone. 

Effects ofH2 Receptor Antagonist, MET, on the 
Plasma Level of ACTH 2 h after Challenge with 
LPSorrhIL-la 
Figure 3a demonstrates the effect of the H2 receptor 

antagonist, MET, on the 2 h ACTH response to 1 |xg of 
LPS. The doses of MET (80 and 160 mg/kg) chosen 
diminish HA-induced ACTH release when administered 
systemically to rats [22, 23]. Either 80 or 160 mg/kg of 
MET significantly inhibited the ACTH response to 1 jxg 
of LPS in a dose-dependent fashion. These doses had a 
similar effect on the 4 h ACTH response to 5 jxg of LPS 
[data not shown]. 

Figure 3b demonstrates the effect of the same doses of 
MET on the 2 h ACTH response to 100 ng of rhIL-la. 
Either dose of MET partially blocked the rhIL-1 a-induced 
ACTH response. 

The 2 or 4 h ACTH responses to either dose of MET 
administered alone were negligible and no different from 
the ACTH response to vehicle alone. 

of rhIL-la results in a reproducible, submaximal 2h 
ACTH response [1-4]. Again, only data for the larger 
doses of antihistamine are shown. MEP, DPH or RAN 
had no effect on the rhIL-la-induced ACTH response. 

The 2 or 4 h ACTH responses to the antihistamines 
administered alone were negligible [data not shown], and 
no different from the ACTH response to vehicle alone. 

Effects ofPretreatment with theHj Receptor 
Antagonists, MEP, DPH or PMZ, or the H2 Receptor 
Antagonists, RAN or MET, on the Plasma Level of 
ACTH Ten Minutes after Challenge with HA 
Figure 4 demonstrates the effect of pretreatment with 

the Hi  receptor antagonists, MEP (30 mg/kg), DPH 
(5 mg/kg) or PMZ (10 mg/kg), or the H2 receptor antago- 
nists, RAN (30 mg/kg) or MET (160 mg/kg), on the 10- 
min ACTH response to 10 mg/kg of HA. The amount of 
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Fig. 4. Effects of pretreatment with the Hi receptor antagonists, 
MEP, DPH or PMZ, or the H2 receptor antagonists, RAN or MET, 
on the plasma level of ACTH 10 min after challenge with HA. C3H/ 
HeN mice received i.p. injection of MEP (30 mg/kg), DPH (5 mg/kg), 
PMZ (10 mg/kg), RAN (30 mg/kg), MET (160 mg/kg) or vehicle 
30 min before i.p. challenge with HA (10 mg/kg). Other mice were 
administered vehicle or HA (10 mg/kg) without antihistamine pre- 
treatment. Blood samples were obtained 10 min after HA or vehicle 
injections. Each bar represents the mean ± SEM for 9-20 animals. 
* p < 0.05 (vs. HA with vehicle pretreatment or HA without any pre- 
treatment). 

HA chosen effectively stimulates the HPAA when admin- 
istered systemically to rats [5, 22, 23]. The doses of anti- 
histamines chosen inhibit HA-induced ACTH [19,22,23] 
and corticosterone [5] release when administered systemi- 
cally to rats and were identical to the amounts which were 
mixed with LPS or rhIL-la in the experiments described 
above. Pretreatment with MEP, DPH, PMZ or MET sig- 
nificantly blunted HA-induced ACTH release which was 
unaffected by the preadministration of vehicle alone. On 
the other hand, pretreatment with RAN had no effect on 
the ACTH response to HA. 

Discussion 

Our results suggest that, in contrast to the essential role 
of HA in the activation of the HPAA by noninflammatory 
Stressors [30, 31], the stimulation of ACTH release by 
LPS and rhIL-la is not as dependent on the participation 
of either the Hi or the H2 receptor. 

We were not able to reduce the LPS- or rhIL-la- 
induced ACTH responses with the very potent and se- 
lective Hi receptor antagonists, MEP or DPH [32, 33]. On 
the other hand, the Hi receptor antagonist, PMZ (a phe- 
nothiazine derivative with less selectivity than MEP for 
the Hi receptor [33]), completely abrogated the ACTH 
response to LPS (at 2 and 4 h) as well as the 2 h ACTH 
response to rhIL-la. In support of these findings, Suzuki 
et al. [5] reported that PMZ partially diminished the LPS- 
induced corticosterone response in rats; however, no oth- 
er Hi receptor antagonists were administered. Although 
only PMZ blocked the LPS- and rhIL-la-induced ACTH 
responses, all of the Hi receptor antagonists employed 
were able to significantly diminish the 10-min ACTH 
response to HA, as previously reported [17, 19, 22, 23]. 

The reason only PMZ, among all the Hi receptor 
antagonists employed, was capable of blocking LPS- and 
rhIL-la-induced ACTH release is not clear. The explana- 
tion may be based in part on the well-known ability of 
phenothiazine derivatives, i.e. PMZ (as opposed to MEP 
and DPH), to substantially inhibit phospholipase A2 

(PLA2) and therefore prostaglandin generation in vivo 
[34, 35] and in vitro [36]. Prostaglandins are intimately 
involved in the inflammatory response [37-40] and me- 
diate many of the effects of IL-1, IL-6 and TNF [35, 39- 
43] - including their activation of the HPAA [44-47]. Not 
surprisingly, chlorpromazine, the prototype antipsychotic 
phenothiazine, inhibits LPS, TNF or IL-1 stimulation of 
corticosterone production [48]. It also possesses signifi- 
cant anti-inflammatory effects in rodents including pro- 
tection against LPS- and IL-lß-induced lethality [35, 49, 
50] and blockade of LPS induction of TNF [50]. 

Phenothiazine derivatives can impact on other trans- 
duction processes as well, i.e. calmodulin antagonism 
[51], impaired synthesis of diacylglycerol and phosphati- 
dylcholine [52, 53]. Therefore, PMZ may have interfered 
with non-PLA2-dependent mechanisms necessary for IL- 
1 message transduction [54] and cytokine activation of 
the HPAA. 

Our data suggest that the H2 receptor, as well as the Hi 
receptor, is not an important mediator of LPS- or rhlL- 
la-induced ACTH release. RAN, a powerful and highly 
selective later generation H2 receptor antagonist [33, 55, 
56], did not affect the rhIL-la-induced ACTH response 
and only slightly decreased ACTH release after LPS 
administration. The largest dose of RAN administered 
(30 mg/kg) was severalfold greater than the amount of 
intra-arterial RAN previously observed to be very effec- 
tive in blocking HA-induced ACTH release in rats [ 19]. In 
contrast, MET, a much less potent first-generation H2 
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receptor antagonist [33, 55, 56], substantially diminished 
the ACTH response to LPS and rhIL-la. Suzuki et al. [5] 
were not able to inhibit the LPS-induced corticosterone 
response with MET, but these authors did not measure 
ACTH levels which may well have been diminished in 
spite of a persistent corticosterone response [57]. It is pos- 
sible that MET possesses multiple effects like PMZ and 
therefore inhibits non-HA-dependent pathways involved 
in the stimulation of the HPAA by cytokines. For exam- 
ple, MET can block a-adrenergic receptors [58]. 

In our study, MET, but not RAN, blocked HA-induced 
ACTH release. Previous reports are contradictory on this 
issue. Several investigators have observed that H2 recep- 
tor antagonists, as compared with Hi receptor antago- 
nists, are relatively inefficient in attenuating the stimula- 
tion of ACTH release by HA [22-25]; in contrast, other 
authors have reported that H2 receptor antagonists ad- 
ministered centrally or systemically are very effective in 
diminishing HA-induced ACTH release [19,21]. The rea- 
sons for these discrepant findings are not readily appar- 
ent. 

In conclusion, our data indicate that the Hi receptor is 
not involved in LPS- or rhIL-la-induced ACTH release. 
The present results also do not support an important role 
for the H2 receptor in these responses. We and others have 
established that IL-1 is an essential mediator of the stimu- 
lation of the HPAA by LPS [1, 59]. Therefore, our find- 
ings are consistent with the observations of Ohgo et al. 
[29] who showed that a combination of Hi and H2 recep- 
tor antagonists failed to interfere with rhIL-lß-induced 
CRH release from superfused rat hypothalamic explants. 
In addition, our results cast doubt on the conclusions of 
Suzuki and co-workers [5,6] who suggested a more signifi- 
cant role for the Hi receptor in LPS-induced HPAA stim- 
ulation. 

As noted earlier, experiments involving the intracere- 
broventricular (i.e.v.) administration of antihistamines to 
rats indicated that both the Hi and H2 receptor play essen- 
tial roles in the ACTH response to noninflammatory 
Stressors [30, 31]; the H2 receptor was found to be some- 
what more important after restraint or ether stress [30] 
and the Hi receptor more consequential after insulin- 
induced hypoglycemia [31]. Our observation that Hi and 
H2 receptors are not important mediators of LPS- or rhlL- 
la-induced ACTH release contrasts with these findings 
and suggests that inflammatory and noninflammatory 
Stressors activate the HPAA by different pathways. This 
hypothesis is concordant with our previous demonstra- 
tion in rats that IL-1 and LPS activate both VP-containing 
and VP-deficient CRH axons in the external zone of the 

median eminence of the hypothalamus [60-62], while 
noninflammatory Stressors selectively activate only the 
VP-containing CRH axons [60, 63]. 

It is also possible that the different routes of antihista- 
mine administration (i.p. vs. i.c.v.) account for these con- 
trasting observations. Although antihistamines adminis- 
tered i.p. cross the blood-brain barrier (Hi receptor antag- 
onists much better than H2 receptor antagonists) [33, 64, 
65], they may not access histaminergic receptors in the 
central nervous system (CNS)/hypothalamus in the same 
concentration as i.c.v. injected antihistamines. However, 
in an earlier study, the intra-arterial and i.c.v. administra- 
tion of Hi or H2 receptor antagonists resulted in compara- 
ble blockade of HA-induced ACTH release [19], indicat- 
ing that the systemic administration of both types of anti- 
histamines (even the more hydrophilic H2 receptor antag- 
onists) can result in effective access to the CNS/hypothal- 
amus. 
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