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ARMED FORCES RADIONOLOGY
RESEARCH INSTITUTSE

SCIENTIFIC REPORT

SR88-30

Cell-cycle Dependence of X-ray Oxygen Effect:

Role of Endogenous Glutathione'

E. A. Blakely,** R. J. Roots,? P. Y. Chang,? L. Lommel,? L. M. Craise,? E. H. Goodwin,? E. Yee,*?

D. P. Dodgen,‘ and W. F. Blakely*

ABSTRACT—The oxygen effect was measured in human T-1
cell populations synchronized by mitotic selection and x-irradiated
in vitro after they were allowed to progress to six different ages
during the division cycle. Survival curves and dose-ratio calcula-
tions with 95% confidence intervals were obtained from computer
fits of the data to the linear-quadratic model. The oxygen
enhancement ratio (OER) values at the 1% survival level were
2.6+ 0.08 in G,/early S phase and increased to 3.0t 0.15 in late
S/G; phase. The OER values at 10% survivsl increased linearly
from 2.6 £ 0.2 for G,-phase cells to 3.2+ 0.2 for late S/G,-phase
cells. The increased OER in S-phase cells was the result of a
greater hypoxic radioresistance compared with that measured
with G;-phase cells. In parallel experiments with synchronized cell
populations, glutathione (GSH) and glutathione disulfide levels
were measured by the Tietze assay and also were found to increase
over the same period. The molecular mechanisms responsible for
the radiation response involve a number of factors, one of which
in this cell line may be GSH levels, especially under conditions of
hypoxic exposure. Our data are consistent with the hypothesis
that G,- to late S-phase, age-dependent fluctuations in GSH con-
tent may be correlated with changes in OER during the human
T-1 cell cycle. Changes in GSH content relative to its constitutive
levels in the cell and alternative reductive factors (i.e., protein
thiols), as well as their cellular location, may be important factors
in the comparison of these findings to other cell lines.—=NCI
Monogr 6:217-223, 1988.

One of the early descriptions of the OER phenomenon in
mammalian cells was made by Gray (/). Subsequently, the
response to low linear energy transfer radiation during the
cell division cycle was investigated for several cell lines
under aerobic conditions (2-6). Few researchers (7-13)
have compared the radiosensitivity of hypoxic to aerobic
cells in different phases of the cell generation cycle. How-

ABBREVIATIONS: OER =oxygen enhancement ratio(s); GSH =
gﬂ‘tathione; NPSH = nonprotein suifhydryl.
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National Cancer Institute, National Institutes of Health, Department of
Health and Human Services; grant DE AC03-76SF00098 from the Depart-
ment of Energy; and funding from the Defense Nuclear Agency Work
Unit B5103.

2Biology and Medicine Division, Lawrence Berkeley Laboratory, Uni-
versity of California, Berkeley.

3Student Employment and Training Program, University of California,
Riverside.

4 Radiation Sciences Division, Armed Forces Radiobiological Research
Institute, Bethesda, MD.

® Reprint requesis: E. A. Blakely, Ph.D., Lawrence Berkeley Labora-
tory, | Cyclotron Rd., Bidg. 10, Rm. 209, Berkeley, CA 94720.

ever, these investigations have in several cases suffered
from poor experimental hypoxia, possible pcrturbations
caused by drugs or agents used to induce synchrony or lack
of a full cellcycle analysis. In general, after sparsely ioniz-
ing (low linear energy transfer) irradiation under aerobic
conditions, mammalian cells at the G, and the G/ M posi-
tions in the generation cycle are more radiosensitive than
are cells positioned in other phases, the most resistant
phase being the late S phase. At reasonably low doses, i.e.,
a dose required to reduce survival to 0.37 or one required
to reduce survival e”' along the exponential portion of a
survival curve for asynchronously growing cells, these dif-
ferences are fairly small.

When the sensitivity of hypoxically irradiated cells has
been compared with aerobically maintained cells for eval-
uation of the OER throughout the generation cycle (7-13),
the conclusion commonly has been that the OER varied
little if any during the cell generation cycle (8-//), although
a lower OER in mitotic and early G\-phase cells compared
with the later S- and G,-phase stages has been reported
(7,12,13). In the latter cases, perturbations by methotrexate
(7), a drug cytocidal to S-phase cells and therefore causing
a partial synchrony, or a prolonged exposure to hypoxia
(12) may have caused DNA perturbations and abnormal
cell progression. Because we do not have available in the
literature a complete study of the dependence or indepen-
dence of the OER on cell age, we have measured OER values
from an early G, stage into the following mitosis. In these
experiments, OER magnitudes were measured throughout
the generation cycle of human T-1 cells synchronized by
mitotic selection. We observed statistically significant dif-
ferences between the OER of G, cells and those measured
for cells in late S/ G; phase. These OER measurements vary
in two ways, with survival level as has also been shown by
others [e.g., see (14, 15)), and secondly, with cell age, a phe-
nomenon which hitherto has remained unresolved. In addi-
tion, preliminary measurements indicated that the intracel-
lular total GSH levels may be related to the OER changes
in the cell cycle.

MATERIALS AND METHODS

Cell line, culture conditions, and cell synchrony.—The
human T-1 cell line and culturing conditions have been
described in detail elsewhere (/6). Mitotic T-1 cells were
selected without drugs from an exponentially growing pop-
ulation with an automatic Talandic cell synchronizer as
reported in (/7). Cell volume distributions and autoradiog-
raphy of [’H]dThd-pulsed samples were completed for
each experiment reported.
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Irradiation methods.—Mitotically harvested cells were
plated into custom-made 35-mm diameter glass dishes at
about 2X 10* cells/cm’. At the appropriate cell age, the
dishes were loaded into specially designed aluminum gas-
sing chambers. and the cells were covered with 0.2 ml cul-
ture medium and then gassed for 20 minutes (/6). Humidi-
fied nitrogen gas with 5% CO, and humidified air plus 5%
CO, were used. A slight positive gas pressure was main-
tained during irradiation. .

X-Irradiation of the cells was performed with a Philip
RT250 x-ray unit operated at 225 kilovolt peak and 15
milliamperes at a dose rate of about 5.5 Gy/ minute. The
doses reported were not corrected for the dose back scat-
tered from the glass. The exposures for the complete dose-
response curves were planned so that the reported age of
the celis at the time of irradiation represented the mean age
of cultures exposed to generate the whole survival curve.
After irradiation. the cells were covered with fresh culture
medium and processed for clonogenic assays in a routine
manner (/6).

Three experiments were completed in which cellular sur-
vival was measured at 0.50- to 1.25-hour intervals covering
the G, phase, through S phase, and into the first G;/M
border postmitotic harvest. All aerobically irradiated sam-
ples received an absorbed dose of 3.5 Gy, and hypoxically
irradiated cells received an absorbed dose of 9.8 Gy, a 2.8-
fold larger dose. which is approximately the OER value
obtained at 10% survival for exponentially growing T-1
cells irradiated under these conditions (/6). In another set
of experiments. complete dose-response curves were gener-
ated for both air- and nitrogen-gassed samples at 3, §, 8.1,
11, 14, and 17 hours after mitotic selection.

Autoradiography.— In each experiment, cell progression
was monitored by incorporation of [*'H}dThd as described
in (/7). The autoradiography samples were held at room
temperature for 20 minutes prior to labeling to coincide
with the gas exchange period. The cooling of the cells to
room temperature slowed the progression slightly, as com-
pared with the kinetics of untreated cell populations we
reported previously (/7). From the data presented in fig-

Human T-1 Colls

Percent >H-TdR-iabeled cells

0 2 4 6 B8 0 N7 W W W 20 2
Tine atter synchromzation, hr

FiGuREe 1. - Reproducibility of DNA synthetic phase in synchronized con-
trols. Composite of DNA labeling patterns from autoradiographs of
unirradiated controls pooled from 4 experiments pulsed with [*H]TdR
(dThd) at various times after synchronization. These control cultures
were held at room temperature for a 20-min period prior to labeling to
correspond to the gas exchange time in the irradiated samples. Analysis
of these data indicated that under the conditions of the experiments
reported here, the duration of the cell-cycle phases were M =0.7 hr,
Gy=6.2 hr, S=9 hr, and G2=13.7 hr.
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FiGvre 2. A GSH-equivalent standard curve. Levels of cellular GSH
and glutathione disullide were measured by the Tietze assay with the
internal standard techniquc on acid-extracted and heat-denatured cell
extract supernatants from each cell population. Example standard
curve shown here is for asynchronous cell populations. Lincar regres-
sion best fits of the change in absorbance at 412 nm: min vs. relative
GSH-equivalents (in nanomoles) was 0.78 + 0.02.

ure |, the duration of the phases of the cell cycle for the ex-
periments reported here were calculated to be 6.5 hours (G,
plus M), 9 hours (S phase), 4 hours (G, plus 1/2 M), and a
total generation time of 19.5 hours. More than approxi-
mately 95% of the cells incorporated [*H]dThd 11 hours
after synchronization, an indication of reproducibly high-
quality synchrony.

Glutathione measurements.—Both GSH and glutathione
disulfide levels, expressed as GSH equivalents, were mea-
sured by the Tietze assay (/8). Sample extracts were pre-
pared by the addition of 0.5 ml of 0.6% 5-sulfosalicylic acid
at 4° C to cell pellets which were then stored at —70° C until
subsequent analysis. We found that y-glutamyl transpepti-
dase, an enzyme capable of degrading GSH, was com-
pletely inhibited by a brief exposure to 0.6% of the acid
(data not shown). At the time of GSH analysis, the S-sulfo-
salicylic acid cell extract was rapidly thawed and incubated
at 56° C for 20 minutes to facilitate protein denaturation
and then was chilled to 4° C. Following centrifugation, the
supernatant was removed and maintained at 4° C until
measurements of GSH levels were completed, usually
within 24 hours. An internal calibration standard (GSH)
was used in the GSH measurements. Figure 2 presents the
standard curve for the thiol measurements with asynchro-
nous T-1 cells. A standard curve was generated for cells at
each stage of the cell cycle studied. Ten to 20 aliquots were
assayed for GSH from the samples at each time point.

Protein measurements.—Total cell protein was deter-
mined according to the Bio-Rad protein assay (Bio-Rad
Laboratories, Richmond, CA) which is based on the bind-
ing of Coomassie brilliant blue to protein (/9). Aliquots of
cells were lysed by sonication, and bovine serum albumin
was used as the protein standard. Three or four replicates
were measured for each sample.

Data analysis.—The intracellular contents of GSH and
glutathione disulfide are expressed as GSH equivalents per
total cell protein (nanomoles GSH/ milligram protein). An
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Survival data are pooled from 8 experiments, S of which represent
survival measurements from complete dose response curves at the 3.5-
and 9.8-Gy dose levels for air- and nitrogen-saturated cells, respectively.
Other three sets of data represent multiple survival measurements from
cultures at various cell ages x-irradiated with 3.5 Gy in air or 9.8 Gy in
nitrogen on glass petri dishes. Curves are best eye fits.

SE was estimated for each value based on the variances
associated with GSH and cell protein measurements as de-
scribed by Cieland (20).

Survival curves, dose-ratio calculations of OER, and
associated 959 confidence intervals were obtained from
computer fits of the data to the linear-quadratic model
with programs developed by Albright (27).

RESULTS
Aerobic and Hypoxic Age Response Singie Doses

Our initial experiments to examine the cell-cycle depen-
dence of the oxygen effect were completed by synchronizing
cells by mitotic selection, allowing them to progress to vari-
ous ages, and then irradiating them with a fixed single dose
under aerobic or hypoxic conditions. The survival data
from 3 experiments of this type are plotted in figure 3. This
figure also summarizes the survival measurements at the
appropriate dose level taken from 5 experiments in which
complete dose-response curves were generated. A curve has
been drawn by eye through the compiled data for each gas
condition of exposure with arithmetic means of the data.

There is some scatter in the data summarized from the 8
experiments, especially at the G,/S phase interface (i.e., 5-8
hr after synchronization) under hypoxia; however, qualita-
tively, a trend in the data of figure 3 can be noted. Figure 4
permits an examination of the superimposed mean curves
from figure 3. Perfect superimposition of the curves would
indicate an OER of 2.8 at 109 survival at all ages for the
x-ray dose studies. A comparison of the curves in figure 4
shows qualitatively that lower OER values are observed in
the early part of the cell cycle and higher OER values later
in § phase. It should be noted that the pooled data shown
in figure 3 represent results from 8 experiments performed
over a period of about 2 years.

To evaluate this observation in a more quantitative
fashion, we constructed complete aerobic and hypoxic sur-
vival estimates from the data of figure 3. At the 3.4-Gy
aerobic dose level, cellular radioresistance decreased as the
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FiGURE 4. Superimposed plots of best air and nitrogen fits of the data
from fig. 3. Perfect superimposition of the curves would indicate an
OER at 109 survival of 2.8 at all ages. Comparison shows qualitatively
that lower OER values are observed in the early pant of the cell cycle
and higher OER values later in S phase.

cells aged from mid-G, to late S phase. This trend also
occurred under hypoxic irradiation, but the radioresistance
decreased more at the G,/S interface and increased more in
the middle to late S phase (data not shown).

Aerobic and Hypoxic Age Response Complete
Dose Curves

Based on the data described above, a series of S experi-
ments was completed under the conditions in which cells
were mitotically selected, allowed to progress to various
ages, and then irradiated with graded doses under aerobic
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Fiit gt 5. Complete x-ray dosc response curves for ccll populations
irradiatcd postsynchronization in air (@) or in nitrogen ( ) at 3, 8.1, or
14 hr (upper panel) or at S, 11, or 17 hr (lower panel).

219




e v -
2 X RAY OER AGE RESPONSE
32

30

28

OERyo

28

24

22

- b

ol ]

0 2 4 6 8 W 17 W W B
Time after synchronization, hr

FIGURE 6. - Suminary plot of computer-fitted OER values at 10% survival
from complete acrobic and hypoxic dose-response curves measured
with synchronized pooulations at six cell ages. Data are from 5
experiments.

and hypoxic conditions. The data from cell populations
positioned at six phases in the cell cycle between 3 and 17
hours after synchronization are summarized in figure 5.
The curves drawn through the data points are computer-
assisted, best-fit regressions. Replicate experiments were
completed for cell populations at 3, 8.1, and 14 hours. Only
single experiments were completed at 5, 11, and 17 hours.

Dose-ratio calculations of OER values were made for
the pair of curves at each cell age and are presented in table
1. At high doses (e.g., 1% survival level), the OER values
increase from approximately 2.6 0.1 in G,/early S phase
to 3.0+ 0.2 in late S/ G, phase. At lower doses (e.g., 10%
survival level), the same trend is observed with the OER
values again increasing from approximately 2.6 £0.2 in G,-
phase cells to 3.21+0.2 in late S/G,-phase cells. These
results are also plotted in figure 6. An approximately linear
increase in the OER is noted as the cells progressed from G,
to G, phase.

Age-dependent Variation in Glutathione Levels

In an attempt to find a possible mechanism for the
observed cell-cycle-dependent increase in the OER, we
made some preliminary measurements of GSH at various
periods during the generation time. Although the constitu-
tive GSH levels varied among experiments, all 3 experi-
ments completed showed a similar qualitative pattern of
increase in GSH levels, expressed as GSH equivalents per
cell, as the T-1 cells progressed from G, phase into late S

200
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126 |

100 |-

(nmole GSH/mg)

60 -

Relative GSH equivalents per cell protein

25 |

o 4 1 1 A i i 1 1
O 2 4 8 B 10 12 4 18 118
Time after synchronization, hr

FIGURE 7.-—Relative GSH equivalents (nanomoles) per milligram cell pro-
tein (+SE) measured in synchronized cell populations at various times
during the cell cycle.

phase (data not shown). Protein measurements determined
in parallel with 1 of these experiments permitted the nor-
malization of GSH levels per milligram cell protein, known
to vary in proportion with cell volume (fig. 7). A progres-
sive change in GSH equivalents per milligram cell protein
was observed as cells progressed from G, to late S phase,
with an indication of a decrease late in the cycle. Additional
experiments are planned that will permit further quantita-
tive assessment of age-dependent fluctuations in GSH con-
centration with survival OER in human T-1 cells.

DISCUSSION
Survival Oxygen Enhancement Ratio and the Cell Cycle

We have reexamined the question of possible variations
in aerobic and hypoxic radiosensitivity during the cell divi-
sion cycle. We observed an increase in the OER value for
x-irradiated human T-1 cell fibroblasts in vitro that was
approximately linear as the cells progressed from early G,
through G; phase. The increase in OER was significant
based on 95% confidence limits at both the 10% and 1%
survival level.

A few reports in the literature (7-13) describe experi-
ments designed to measure the OER in synchronously di-
viding mammalian cells in vitro with x-rays. Researchers
find these experiments difficult to complete because there

TABLE L.- - Oxygen enhancement ratios®

Time after synchronization, hr

Survival level 3 5 8.1 1 14 17
10% 2.58+0.15 2471027 275t0.16 2.73+£0.09 298+0.12 3.2240.24
1% 2.57+0.08 2.561+0.13 2.58+0.08 2.76 +0.04 2.86 £ 0.06 29910.15

? Values include 1 95% confidence interval.
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are many experimental variables that are hard 1o control.
The published reports are divided between those investiga-
tors who report that OER values do change through the cell
cvele (7.12.13) and those who report that they do not
(8-11). Comparisons are confounded by experimental dif-
ferences including the use of drugs in some cases to induce
synchrony. the manner in which hypoxia was achieved. and
the cell line that was studied. For example, Legrys and Hall
(9) used Chinese hamster cells partially synchronized with
hydroxyurea. Hypoxia was achieved by outgassing a Lucite
)ig holding the cells grown on plastic petri dishes. They (9)
reported that the pattern of response to a single dose of 8
Gy in air or 20 Gy under hypoxia was very similar, which
implied no significant change in the OER with stage in the
generation cycle. Complete dose-response curves yielded
OER values of 2.6 for populations synchronized in M or S
phase (9). Other reports in the literature (8,10,/1) with dif-
ferent biologic and physical systems confirm their observa-
tions.

On the other hand. the OER variations reported by us
now are in agreement with those of other investigators
(7.12,13), who found reduced OER values in the early to
mid-G, phase of the cell cycle. In particular, we confirm the
work of Pettersen et al. (/3) who studied human NHIK
3025 carcinoma cells of the uterine cervix. The NHIK cells
were svnchronized by mitotic selection without drugs and
were degassed and x-irradiated in glass vessels (/3). The
sensitizing effect of oxygen on cells in mid-G, phase was
found also to increase with increasing dose (/3). Sapozink
(12) reported a significantly lower OER early in the cell
cycle of Hel.a cells synchronized with calcium-free medium
and made hypoxic with culturing in a dense feeder cell
population. Hence researchers in 3 laboratories who used
hamster cells with a short (1.5 hr) G,-phase duration re-
ported negligible changes in x-ray OER survival as a func-
tion of cell age. whereas those in 3 others, using human cells
with longer G, phases, demonstrated changes through the
cell cycle.

Survival Oxygen Enhancement Ratios and Glutathione

Several recent reviews (22-26) have been published on
the importance of thiols to radiosensitivity and chemosensi-
tivity. Cellular GSH levels have been shown to have a
major influence on the radiation response of asynchronous
mammalian cells irradiated under hypoxic conditions
(27,28). Several lines of experimental evidence support this
conclusion. Cell lines derived from individuals with genetic
defects in GSH metabolism (primarily altered levels of the
enzyme GSH synthetase) have provided mutant cell lines
with decreased intracellular GSH levels. These cell lines
have been reported to exhibit a reduced OER, principally
caused by a greater sensitization of the hypoxic compared
with the aerobic response (29-32). It is acknowledged,
however, that it cannot be ruled out that these cell lines (as
we!l as other mutant GSH-deficient cell lines) may also
have a deficiency in some other biochemical system respon-
sible for the reduction in their OER values.

In a second type of approach, some have used thiol-
modifying agents to evaluate the importance of GSH in the
radiation response. Agents like N-ethylmaleimide, diethyl
maleate, and L-buthionine sulfoximine have been used to
decrease intracellular GSH levels with some commensurate
increase in the sensitization of the hypoxic radiation

INTERACTION OF RADIATION THERAPY AND CHEMOTHERAPY

response (33-35). The effect of thiol-depleting agents on the
aerobic response is less clear. In those studies, when no
aerobic sensitization occurs, the OER is reduced by the
radiosensitizing agents (33.35), whereas other investigators
report no appreciable alteration in the OER due to simul-
taneous aerobic and hypoxic sensitization (36) or only after
conditions of long-term incubation in 1.-buthionine sulfox-
imine (37) or combined 1.-buthionine sulfoximine and di-
cthyl maleate treatment (38). It might be expected that intra-
cellular concentrations of these agents will be uncertain and
that the biochemical reaction may not be fully known.

A third approach was used by Russo et al. (39) in an
attempt to elevate intracellular thiol levels and measure the
effect on the OER. Intracellular thiol levels in Chinese
hamster V79 cells were increased 2000 upon the addition
of 2-oxothiazolidine-4-carboxylate, with a corresponding
increase in the OER produced by protection of the hypoxic
response with no effect on the aerobic response (39). Based
on this report, a modification of intracellular thiol levels
would predict a commensurate change in the hypoxic x-ray
response and in certain instances the OER value.

Variations in Glutathione During the Cell Cycle

In the late 1960s and early 1970s, several reports were
published that indicated a diversity of observations includ-
ing: 1) no consistent change in NPSH content between late
G,- and late S-phase cells (40-43). 2) a trend of increasing
NPSH levels with cell progression from early G;-phase
through late S-phase cells (42,44), or even 3) an increasing
trend from G, to early S phase and then decreasing values
with cell aging from carly to late S phase (45). It is worth
noting that the methods researchers used to measure GSH
were either Ellman’s technique (44) or ['*C]N-ethylmale-
imide binding (40-43.45). Harris and Teng (42), using the
latter binding technique, only found an age-dependent
increase in NPSH if they studied G,-phase cells released
from plateau phase. They did not see an increased NPSH in
synchronized populations mitotically selected with deme-
colcine and then allowed to progress.

Our preliminary measurements of GSH made with the
Tietze assay on mitotically selected synchronized popula-
tions indicated an increase in GSH, normalized on a per
total cell protein basis, as the cells progress from early G, to
late G, phase. The increase in intracellular GSH levels
appears to correlate with the approximately linear increase
in OER in cells aging over the same period.

CONCLUSIONS AND IMPLICATIONS FOR
FUNDAMENTAL MECHANISMS

Oxygen can be an effective modifier of radiation-induced
damage. Most importantly, oxygen competes with endoge-
nous reducing agents such as GSH in reactions with
radiation-induced free radical sites in vital cellular mole-
cules. For sparsely ionizing radiation, a certain number of
the DNA radical sites of damage may be restored by reduc-
ing species such as GSH, unless oxygen has fixated them
first.

In normally aerated Chinese hamster cells, subjected to a
20% oxygen atmosphere, a full OER characteristic to the
system can be obtained when stringent hypoxia is adminis-
tered for the irradiation. If, however, hypoxic cells are
supplied with oxygen (1%-50%) in lcss than 5 mseconds
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prior to irradiation, only a partial but constant OER of 1.7
1s obtaincd (46.47). The explanation has been that there are
two components to the oxygen effect. One target, possibly
the membrane. to which oxygen diffuses rcadily would
account for the 1.7 portion of the full OER, and another
target, which is possibly nuclear DNA, would involve the
rest of the full OER value, which is approximately 2.8 to
3.0 in many mammalian cells. If these theoretical targets
varied during the cell cycle or if the concentration of a
compound such as GSH varied during the cell progression
cycle. this might reflect a variable OER during the genera-
tion cvcle.

In addition to providing a potential modification of both
the initial damage vields and spectrum, GSH levels or,
more relevantly, GSH contribution to the redox state. may
play an important role in the cells’ capacity to repair radia-
tion injury. Clearly. further work in this area is needed. 1t is
also important. in our opinion, for one 1o realize that stud-
ies designed to explore the mechanisms of thiol-dependent
responses and or chemoresponses of cells may be con-
founded by the use of asynchronous populations.
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Alterations in Rat Aortic Alphay-
Adrenoceptors and Alpha-Adrenergic
Stimulated Phosphoinositide Hydrolysis in
Intraperitoneal Sepsis
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Washington University School of Medicine, Washington, District of Columbia (J.A.C.)

We investigated the alterations of rat aortic alpha,-adrenoceptors and alpha, -adrenergic
stimulated phosphoinositide (PI) metabolism in intraperitoneal sepsis. An analysis of
1'21}-hydroxyethylaminotetralone (HEAT) binding to alpha,-adrenoceptors on rat sor-
tic membranes revealed decreased numbers of receptors without changes in affin-
ity. The maximum number of binding sites decreased from 349 + 35 fmol/mg to 146
% 16 fmol/mg (P < 0.05 vs. control). Pl metabolism was similarly attenuated in
aortae from septic rats. The norepinephrinc-stimulated hydrolysis of [*2P)-phosphati-
dylinositol—4,5-bisphosphate was significantly decreased in aortac from septic rats as
was the alpha, -adrenoceptor stimulated accumulation of [*H]-inositol monophosphate.
Finally, the basal labeling of |*2P)-phosphatidylinositol-4.5-bisphosphate but not of
1*2P)-phosphatidylinositol or [*2P}-phosphatidic acid was significantly diminished.
These results imply that signal transduction induced by alpha,-adrenoceptor agonists
in rat aorta is significantly altered in intraperitoneal sepsis. These findings may help
define the mechanisms of depressed aortic contractility in models of sepsis and
endotoxic shock.

Key words: septic shock, phosphoinositide metabolism, vascular contraction, vasoconstric-
tion, signal transduction

INTRODUCTION

Sepsis and septic shock are major causes of death in the United States among
critically ill patients. Despite sophisticated and aggressive surgical and medical
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interventions, the mortality rate in septic shock remains between 40 and 60% [1). In
dissecting the pathophysiology of sepsis and endotoxemia, numerous investigators
have noted diminished peripheral vascular responsiveness to norepinephrine in both
humans (2] and in animal models of sepsis and endotoxemia [3,4]). Furthermore, an
attenuated response to exogenously applied norepinephrine (NE) has been noted in
isolated aorta by several groups of investigators [5,6] using a variety of models of
sepsis and endotoxemia. The mechanism of this phenomenon remains unknown [see
refs. 3.4 for review), but could reside in part in the signal transduction apparatus.

We recently found that NE-induced contraction of rat aorta, which is mediated
by alpha,-adrenoceptors, appears to correlate with the breakdown of phosphoinosi-
tides (PI) [7]. Our original observations have now been replicated [8]. We also noted
that the potent vasoconstrictor 5-hydroxytryptamine [9] and several vasoactive pros-
taglandins [10] also appear to induce rat aortic contraction, at least in part, via Pl
breakdown [for review see refs. 3,4]. According to this scheme, following binding of
a ligand to the receptor a phosphoinositide-specific phospholipase C is activated
which cleaves phosphatidylinositol-4,5-bisphosphate to release inositol-triphosphate
(IP;) as well as diacylglycerol (DAG). It is proposed that IP; mobilizes intracellular
calcium [11-15) while DAG activates protein kinase C. Phorbol esters, which mimic
the effects of endogenous DAG, are potent inducers of rat aortic contraction. Phorbol
esters induce vasoconstriction in part by the mobilization of extracellular calcium in
a nitrendipine-sensitive fashion [16].

We previously discovered that hepatic alpha,-adrenoceptors [17], as well as
vasopressin receptors (18], were decreased in intraperitoncal sepsis as well as in
chronic endotoxin infusion models of sepsis [19). Spitzer and colleagues [20] found
that the alpha,-adrenoceptors and vasopressin receptor-mediated mobilization of intra-
cellular calcium and activation of phosphoinositide hydrolysis were altered in intra-
peritoneal sepsis and in endotoxemia. These findings suggested to us that vascular Pl
metabolism and adrenoceptors might be similarly altered in intraperitoneal sepsis.

In this paper we report significant alterations in aortic PI metabolism in rat
intraperitoneal sepsis. We also discovered diminution of aortic alpha,-adrenoceptors.
These results suggest that experimental sepsis in the rat induces alterations in receptor-
coupled signal transduction in the aorta.

MATERIALS AND METHODS
Animals and Their Trestment

Sprague-Dawley rats (Taconic Farms, Baltimore, MD) weighing 200-350 g
were used in all experiments. Cecal ligation with two-hole puncture (CLP) was
performed as previously detailed [17]. The sham procedure was identical except that
the cecum was not devascularized, ligated or punctured. At 18-24 hr post-procedure,
surviving animals (60-70% survival at this time point) were sacrificed by decapita-
tion. Surviving animals displayed the signs of sepsis described by Wichterman et al.
[21] including piloerection, a bloody discharge from the nose and mucous mem-
branes, bloody diarrhea and lethargy.

Phosphoinositide Metabolism

P1 turnover in the rat aorta measuring [*H)-inositol monophosphate accumula-
tion in the presence of 10 mM LiCl was determined by a modification of the
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procedures of Berridge et al. [22) as previously described [7,9,23,24] using [°H)-
myo-inositol (16 Ci/mmole, New England Nuclear, Boston, MA). We previously
showed that this procedure accurately separates inositol mono-, bis- and tris-
phosphates.

For measurement of [>2P]-phosphoinositide metabolism, rat aortic rings (4 mm
length) were prepared [10] and pre-incubated for 15 min in an oxygenated Hepes
buffer of the following composition (in mM) at 37°C: 140 NaCl, 10 D-glucose, 5
Hepes, 1.0 MgCl,, 1.5 CaCl, pH-7.40. The segments were then incubated in [*>P]-
orthophosphate (carrier free, Amersham) containing Hepes buffer (30u Ci/ml) for 30
min to label phosphoinositide pools. Preliminary experiments disclosed steady-state
labeling of PI pools by this time period. Test agents were then added for various
periods of time and the reaction terminated by the addition of 0.9 ml chloroform/
methanol/HC! (100:200:0.1) solution followed by the addition of 0.3 ml water and
0.3 ml chloroform. Following lipid extraction, the lower phase was removed, washed
twice with upper phase and concentrated in a Speed-Vac. The samples were then
applied to oxalate pre-coated high performance thin layer chromatography plates
(HPTLC) prepared and run according to Jolles et al. [25). [*2P)-phosphoinositides
were identified by autoradiography with Kodak X-OMAT film (XAR-2) and by
authentic standards (Sigma Chemical Co., St. Louis, MO). The spots so identified
were scraped into scintillation vials and quantified by liquid scintillation spectrometry.

Alpha;-Adrenoceptor Measurements in Rat Aorta

Aortas from 12 rats (sham or CLP) were homogenized in 20 mM Tris-Cl buffer
(pH-7.40, 25°C) with a polytron homogenizer and then rehomogenized with a tightly-
fiting glass-glass homogenizer. This homogenate was centrifuged at 1,000 x g for
15 min (4°C) to sediment cellular debris and then a crude plasma membrane fraction
was prepared by centrifugation at 35,000 X g for 45 min. The resulting pellet was
resuspended in binding buffer [17] and incubated (0.5 ml t.v.) at 25°C for 60 min in
the presence of increasing doses of the selective alpha,-agonist ['25I]-hydroxyethylam-
inotetralone (HEAT) (2,200 Ci/mmole, New England Nuclear, Boston, MA) in the
presence and absence of 1uM prazosin to determine specific binding. Membranes
were harvested by filtration on GF/B filters (Whatman) and washed by three 5-ml
washes of ice-cold binding buffer. Filters were placed into vials and counted in a
gamma counter.

Binding data were analyzed and binding parameters (Kd, Bmax) determined
using the nonlinear least-squares computerized curve fitting program (LIGAND) as
previously detailed [26] using the NIH DEC/10 computer. This iterative procedure
constructs models of binding according to the law of mass action for the interaction
of multiple ligands with multiple binding sites. The results of three or more exper-
iments were averaged to provide a weighted mean and SEM. Protein concentration
was determined as described by Bradford [27].

Materials

Solvents were of reagent grade or better (Fisher Chemical Co., St. Louis, MO);
all other materials, unless otherwise specified, were from Sigma Chemical Co. (St.
Louis, MO).
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RESULTS
Alterations in Rat Aortic Pl Metabolism

Recent findings [20] have suggested that alterations might exist in hepatic PI
metabolism in various sepsis and endotoxin models. We wished to determine whether
similar changes might occur in aorta. Figure 1 shows that the NE-activated Pl
hydrolysis, as measured by the accumulation of [*H}-inositol monophosphate, (PI)
was significantly attenuated in the aortas from septic rats, when compared with sham-
operated controls. Dose-response studies for a short time of incubation have disclosed
an ECsy of 0.93 + 0.6 uM for NE-induced [*H)-IP accumulation [see ref. 21];
prazosin, a selective alpha,;-antagonist inhibits the response with an ICsy of 3nM,
while yohimbine (an alphay-antagonist) has an ICsg of 100 nM [7]. Thus, the mea-
surement of NE-induced [?H]}-IP accumulation in rat aorta accurately reflects the
activity of alpha,-adrenoceptors.

Since phosphatidylinositol-4,5-bisphosphate (PIP,) is thought to be the primary
substrate for PI hydrolysis in rat aorta [28], we sought to measure the accumulation
of [*H]-inositol triphosphate (IP3) using our previously described technique. Because
of the very small amounts of IP; released which are not degraded into IP we were
unable to measure this metabolite (not shown). We were, however, able to measure
the NE-stimulated breakdown of [>2P]-phosphatidylinositol-4,5-bisphosphate. After
a 30 sec exposure to 10 uM NE, [*2P)-PIP, levels were decreased in aortas from
sham-operated rats, but unchanged in aortas from septic rats (Table I). After a 1 min
exposure to 10 uM NE [*?P]-PIP; levels returned to baseline (Table II). This effect is
similar to that reported by Rapoport in rat aorta [29].

Because the basal levels of [32P]-PIP, as well as basal [*H)-IP accumulation
were diminished, we sought to determine whether these alterations represented gen-
eralized changes in PI synthesis. Accordingly, we measured the labeling of various Pl
metabolites in aortas from septic and sham-operated rats (Table II) in the basal state

1500

1000

BASAL NE

Fig. 1. The effect of intraperitoneal sepsis on norepinephrine-stimulated phosphoinositide hydrolysis
in rat aorta. Aortic rings from control (open bars) and septic (hatched bars) were incubated in the
presence and absence of 10 M norepinephrine and (*H]-inositol monophosphate accumulation deter-
mined. Data represent mean + SEM for 16 individual determinations. The differences in basal and
stimulated accumulation are significant (P <0.01).
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TABLE 1. Altered NE Induced PIP, Hydrolysis in Sepsis

Sham Septic
Control aorta 700 + 76 dpm 438 + 89 dpm*
30 sec 10 M NE 567 + 79 dpm 413 + 39 dpm®

#P < 0.05) vs. control in sham operated rats.
%P > 0.05) or no significant change vs. control in septic rats.

TABLE 1. Time Course [*2P} Incorporation Into
Phosphoinositides in the Presence of 10 M NE

(dpm/mg) in Rat Aorta

Sham

0 min | min

Pl 311 + 510 326 + 95
PIP 159 + 56 187 + 69
PIP, 294 + 130 362 + 160
PA 202 £ 61 295 £+ 93

Septic
Time 0 min 1 min
Pl 311 £ 75 471 + 182
PIP 110 + 51 186 + 40
PIP, 152 + 53* 157 + 38
PA 206 + 27 523 + 284

3P < 0.05 vs. sham. Data represent mean + SEM of six
individual determinations.

as well as after a 1 min exposure 10 uM NE. Decreased PIP, labeling continues at
the 1 min time points as well as at the 30 sec time point in septic aorta.

As is seen (Fig. 2) there was apparently a selective decrease in [>2P)-PIP,
labeling in aortas from septic rats, without changes in the basal levels of [P}-PIP,
[3?P}-PI or [*P]-PA. Since PIP, has recently been shown to be the preferential
substrate for the guanine nucleotide activated phospholipase C in rat aorta [28], this
decreased substrate availability could account, in part, for the observed decrease in
[*H]-IP accumulation. It does not account for the diminished [*2P]-PIP, breakdown.
These results suggested to us that earlier events in the signal transduction pathway for
aortic alpha,-adrenoceptors might be perturbed in intraperitoneal sepsis.

Alphas-Adrenoceptor Alterations in Sepsis

Since we had previously found changes in hepatic alpha-adrenoceptors, it was
reasonable to suggest that aortic receptors might be similarly altered. Figure 3 shows,
using ['251)-HEAT as a ligand, a 50% reduction in rat aortic alpha,-adrenoceptors
during sepsis. The maximum number of binding sites is decreased without a change
in affinity (Table III), suggesting fewer ligand recognition sites. These results suggest
that the decrease in number in alpha,-adrenoceptors could contribute to the observed
alterations in signal transduction.
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Fig. 2. The effect of intraperitoneal sepsis on basal polyphospoinositide labeling in rat aorta. Rat aortic
rings were incubated with [*2P)-orthophosphate as described in Methods and phospholipids isolated and
quantitated. Data represent mean - SEM for six individual determinations. (*P <0.01). C = control;

S = septic.
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Fig. 3. The effect of intraperitoneal sepsis on rat aortic alpha;-adrenergic receptors. Rat membranes
were prepared and incubated with increasing doses of ['°I]-HEAT as described in Methods. Data
represent mean of duplicate determinations of specific binding for a typical experiment which has been
replicated three times. Computer-derived parameter estimates for sham (closed circles) and septic (open

circles) rats are shown in Table III.

TABLE I11. Alpha,-Adrenoceptor Alteration in Sepsis
Control Septic
Aorta Kd(nM) Bmax (Fmol/mg) Kd(nM) Bmax (Fmol/mg)
Alpha,-adrenergic 0.016 + 0.003 349 + 35 0.013 + 0.013 146 + 16
receptors
*P <0.05 vs. sham operated control rats. Data represent mean + SEM of computer derived estimates
for N = 3-4 separate experimems.
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DISCUSSION

Our findings demonstrate that rat aortic alpha,-adrenoceptor mediated PI hydro-
lysis, as well as alpha,-adrenoceptors, are significantly altered in rat intraperitoneal
sepsis. Studies employing rat aortic preparations in vitro have also demonstrated
attenuated alpha,-adrenoceptor responsiveness [5]; our findings suggest that at least a
part of this change in responsiveness could be related to the signal transduction
pathway involving alpha,-adrenoceptors. Our findings further suggest that defects
may reside in the synthesis of the substrate (i.e., PIP,) for the nucleotide-activated
phospholipase C. We have recently obtained evidence suggesting that these observed
biochemical alterations have further consequences. For example, we discovered that
NE-induced bidirectional calcium fluxes [37] as well as NE-induced phosphorylation
of contractile proteins is similarly decreased in aortas from septic rats [30].

The mechanism of these observations is unknown and will require further
investigation. The absence of changes in receptor affinity argues against the presence
of a reversibly bound inhibitor. Such a substance would cause a decrease in affinity
without changing the number of binding sites. Generalized receptor down-regulation
as well seems unlikely since we have measured several other receptor types in this
sepsis model (e.g., opiate, serotonergic, hepatic beta adrenergic) which were un-
changed (not shown).

It is significant that we were able to verify the alterations in NE-induced PI
breakdown by two independent techniques. The first was the measurement of [3H]-IP
accumulation in the presence of LiCl. The main advantage of this technique is its
simplicity. This method has certain disadvantages which include the difficulty in
measuring the predominant product (IP;) in rat aorta. The inability to measure this
metabolite in rat aorta has been seen by others [29]. We elected to use a second,
independent method which entails the measurement of [*2P}-PIP, breakdown. Al-
though this technique is more laborious, it gave quite similar results. These two
techniques showed that the NE-induced PI hydrolysis was significantly decreased in
sepsis.

It is conceivable that an endotoxin-derived molecule could elicit the biochemical
changes we have discovered. Endotoxin derived molecules have been shown in vitro
to activate protein kinase C [31]. It is also known that activation of protein kinase C
by phorbol esters induces many of the same changes in PI metabolism in rat aorta as
are found in this chronic sepsis model [32]. Thus we showed that phorbol-12,13-
dibutyrate as well as phorbol-myristate diacetate attenuated the NE-stimulate PI
breakdown in rat aorta [32]. It is also possible that other, unknown, factors contribute
to the changes in receptor number and PI metabolism described in this paper.

It is important to note that hepatic alpha,-adrenoceptors and vasopressin recep-
tors are also decreased in experimental sepsis and endotoxemia models [17-20].
These findings have been demonstrated to correlate with the attenuation of alpha,-
adrenoceptor and vasopressin-receptor mediated PIP, breakdown, intracellular cal-
cium release and phosphorylase a activation in hepatocytes from septic and endotoxin-
treated rats [20,33]. Like aorta, the liver shows a marked insensitivity to alpha;-
adrenoceptor stimulation in intraperitoneal sepsis [33-36).

In conclusion, we found that rat aortic alpha,-adrenoceptor mediated PI hydro-
lysis, PIP, breakdown and receptor numbers were all decreased in intraperitoneal
sepsis. We speculate that such alterations could contribute to the previously observed
changes in aortic responsivity to NE in sepsis and endotoxemia.
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The identification of a non-bilayer phospholipid storage in the secretory
granule and the linking of the eicosanoid production with the release of
histamine have prompted us to examine whether the secretory granule may also
serve as both the source as well as the site of prostaglandin synthesis during
exocytosis. By exposing the contents of purified granules to exogenous
arachidonic acid at neutral pH, we observed the rapid formation of wmany
eicosanoids. The presence of prostaglandins Ez, D2 and FZa were identified.
The kinetics of E, formation was also followed. = The localization of the
arachidonic acid cdscade to the secretory granule explains why the production
of eicosanoids is so intimately tied to the process of granule exocytosis.

© 1988 Academic Press, Inc.

Eicosanoid production and phospholipid turnover have been linked to mast
cell granule exocytosis (1,2). The products of the arachidonic acid cascade,
such as prostaglandins, leukotrienes, and thromboxanes, are main coustituents
of the so-called "slow reacting substance of anaphylaxis” (SRS-A) (1,3). Like
many other cell types, the mast cell can incorporate exogenous arachidonic
acid into its cellular phospholipid. The stimulation of mast cells which have
been pre-loaded with radicactive arachidonic acid can result in the release of
both labeled arachidonic acid and eicosanoids (4,5). However, the phospholipid
pool which provides the arachidonic acid for the synthesis of eicosanoids has
not been identified.

Recently, we found that the secretory granule of the quiescent mast cell
contains a large amount of matrixz-bound phospholipid which exiats in non-
bilayer fora®. This pool of phospholipid is believed to be responsible for
sustaining the process of de novo membrane assembly which takes place during
secretory granule activation (6-9). On activation of the granule, some of
this phospholipid rapidly assembles into bilayer vesicles which insert imto

]
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the perigranular membrane. The insertion of these newly assembled vesicles
enables the perigranular membrane of the activated granule to enlarge and
approach contact with other membranes. The contact between the enlarging
perigranular membrane and the plasma membrane results in their fusion and the
formation of a pore through which the granule contents are extruded. Since
this membrane-expanding event may not require the coamplete utilization of the
matrix~-stored phospholipid, a significant amount of it may be secreted with
other granule components during exocytosis. This remnant phospholipid which
also contaians arachidonic acid, can serve as the substrate needed for the
synthesis of eicosanoids (10). If the enzymes of the arachidonic acid cascade
are also preseat in the granule matrix along with the phospholipid, a
concomitant activation of these enzymes during granule activation would
account for the parallel kinetics of prostaglandin production with the release
of histamine during anaphylaxis.

In this communication, we preseat evidence which suggests the presence
of the enzymes of the arachidonic acid cascade within the secretory granule of
the mast cell. By simply exposing ll-lbc]—atachidonic acid to the contents of
purified granules at neutral pH, we have detected the rapid formation of at
least 10 differeat arachidonic acid metabolites. From these, the presence of
PGEZ, PGD

conclude that the secretory granule can serve as the source as well as the

29 and PGF23 have been identified. Based on these results, we

site of prostaglandin and eicosanoid synthesis during histamine release. This
also implies that the process of graanule activation is accompanied by the
initiation of the arachidonic acid cascade leading to the production of the

various lipid-derived mediators during exocytosis.

MATERIALS AND METHODS The procedure for granule preparation is similar to
that which has been described for the determination of granule phospholipid
contents" . Briefly, purified mast cells were obtained frou Sprague-Dawley
rats according to published procedure using a serum albumin gradient. Granules
were obtained by graded sonication of the mast cells using a sonifier (Bramson
W350) equipped with a aicroprobe. The combined supernatants which contained
the granules were centrifuged at 72xg for 10 amin to remove aggregates. The
granules were pelleted at 960xg for 15 min. To avoid cytosolic contamination,
granules were washed by resuspension in buffer and pelleted at 960xg. The
purity of the granule can be seen in Fig. 1. Routine electron microscopy was
carried out as described previously (6-7).

To assay for prostaglandins, the granule pellet was resuspended in an
assay buffer containing 0.1% (w/v) digitonin (Fluka Bio Chemika), 0.5 aM
CaCl,, 0.05 mg/ml PHSF,lé).l og/ml leupeptin (Sigma Chemicals), 10 mM HEPES pH
6.8,”and 37 uM of [1-""Cl-arachidonic acid (New England Nuclear, Du Pout).
After a brief sonicatlon (3x 3-sec burst), the reaction mixture was incubated
in roos temperature (21 OC) for a specified length of time. The reaction was
quenched with cold acetone and prostaglandins were extracted according to the
procedure of Salmon and Flower (11). The solvent systems for TLC were: (1)
the organic phase of ethyl acetate:2,2,4-trimethylpentane:acetic acidiwater
(110:50:20:100, v/v/v/v) and (II) diethylether:methanol:acetic acid (90:1:2,
viv/v) (11,12). PGE, was also verified and quantitated using an RIA procedure
(New England Nucleaf, Du Pont). The HP-K high performance TLC plates were
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Fig. 1. Electron micrograph of the purified amast cell granules. The bar in
the lower right corner represents 1 ua.

from Whatmann and were used without pre-activation. Eicosanoid standards were
purchased froe Cayman Chemical (Ann Arbor, MI). All other chemicals used were
of reagent grade.

RESULTS By exposing a small amount of [l-lbcl-arachldonic acid to the
contents of purified granules at 21 °C, pH 6.8, we can demonstrate a rapid
conversion of this labeled substrate {nto various efcosanoids including PGEZ
and PGDZ. A typical result of such an experiment is shown in Fig. 2. In this
figure, lane A 18 the control while lanes B, C, and D represent individual
samples incubated for 0, 10, and 30 ain respectively. The main reaction
products are distributed in 7 major bands with the approximate Rf values of 0,
0.23, 0.37, 0.55, 0.64, 0.75, and 0.91 respectively. When compared with the
Rf values of standard eicosancids, Band 1, Band 2, Band 3, Band 4, Band 5, and
Band 7 have similar mobility as phospholipid, PGFZa, PGBz, PGDZ, LTB‘, and
arachidonic acid, which have corresponding Rf values of 0, 0.24, 0.38, 0.5,
0.61, and 0.95 respectively in the same TLC solvent system.

Fig. 3 shows that when a 5-minute reaction mixture is analyzed using a
two-dimensional chromatography system, each of the major bands seen in Fig. 2
can be further resolved into more than one radioactive product. Band 1 has
been identified as phospholipid. Band 2 is teantatively identified as PGFZ;'
Band 3 1is made up of at least 2 coamponents and the major one is identified as
PGEZ. There is also a spot between band 3 and band 4. Band 4 has relative

1310

Q—_




Vol. 156, No. 3, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
A B C o)

<P —7

o —6
’ ® s

-4

® @

i ¢ 4

o0 6 -
Fig. 2. Autoradiogram of eicosanoids produced by the incubation of ll-Mcl-
arachidonic acid with dispersed mast cell secretory granules in vitro. Lanes
A-D represent chromatograams of control (substrate in reaction mixture without
protein), 0 win, 10 amin, and 30 min samples incubated at 21 C respectively.
The minor spots in the control sample (lane A) are inherent impurities of the
substrate. The resulted eicosanoids are resolved into 7 major bands by TLC
solvent system (I). The major components of each band are: phospholipids
(Band 1), PGF, (Band 2), PGE, (Band 3), PGD, (Band 4), and arachidonic acid
(Band 7). (agnd 5) and (la%d 6) contain sSeveral uaidentified eicosanoids

along with the contasinants of arachidonic acid. The Rf values for the various
bands are: 0, 0.23, 0.37, 0.55, 0.64, 0.75, and 0.91 respectively.

Ara._

Fig. 3. Two-~dimensional 'nﬁ resolution of labeled eicosanoids resulted from a
;=1nute incubation of [1- 'C]-arachidonic acid with granule matrix contents.
Sample was spotted at the lower left corner (arrow) and chromatographed in
solvent systes (1) to resolve the sample vertically ianto a similar 7-band
pattern with Rf values corresponding to those shown in Fig. 2. The horizontal
direction was chrosatographed in solvent systes (Il1) to further resolve each
major band horizontally into several cosponeats. Spots for arachidonic acid,
pcnz, PG!Z, and PGFZ. have been assigned.
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mobility similar to that of PGD2 which is a known mast cell eicosanoid (l).
Band 5 and Band 6 are each composed of at least two different components. One
of the spots of Band 5 might be LTBA which has similar mobility in this TLC
system. The bulk of band 7 is unreacted arachidonic acid. Without counting
the components of band 1, there are at least 10 eicosanoids synthesized within
5 min at 21 % by the mast cell granule enzymes when exogenous arachidonic
acid is added.

When the time course of PGE2 production is followed by using the RIA
procedure, its rate of production appeared quite linear for the first five
minutes (Fig. 4). The initial rate of PGE2 production for this particular
experiment 1s equal to approximately 30 pg/ul/min which corresponds to about
25 pg/min/ug granule protein. The protein concentration 1is estimated by
assuning that an average granule contained about 0.38 pg protetna and the
assay solution contained approximately 3x106 granules/ul. This rate is
expected to vary according to experimental conditions. Our results may not

represent those that can be achieved under the optimal assay conditioms.

DISCUSSION As auch as 18% of the total phospholipid fatty acid of the mast
cell {3 made up of arachidonic acid (13). Since the curreat dogma assumes
that cellular phospholipid exists only in bilayer form, it follows that the
phospholipid which provides the arachidonic acid for the eicosanoid synthesis

15F

PG E, x 1077 (P9/ul)

TIME (min)

Fig. 4. The time course of prostaglandin E, production by granule enzymes as
determined by the RIA procedure. The expethent was carried out as described
in Materials and Methods. The protein concentration was about 1.2 mg/ml and
the added arachidonic acid was 37 uM. The initial rate of about 30 pg/ul/min
is equivalent to approximate 25 pg PGE,/ug protein/ain when the granule
protein concentration is taken into accounf.
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must also originate from the cellular membrane (14, 15). However, this
assumption cannot explain how the arachidonic acid or the phospholipid can
become so readily available to the eicosanoid synthesizing enzymes during the
stimulation-secretion coupling process. For the mast cell, the antigen
challenge of the .gE receptor-mediated exocytosis also results in triggering
the arachidonic acid cascade leading to the rapid formation of eicosanoids (1,
16). The initial time course for the eicosanoid production also closely
parallels the tiae course for the histamine release during an anaphylactic
reaction (4,16). The time course of histamine release can be very rapid (17).
Since receptor activation is a membrane-mediated event, to explain the rapid
and intimate coupling of these two processes, it is tewpting to assume that
the eicosanoid synthesizing enzymes might be localized on the plasma membrane
near the IgE receptors. However, such an assumption would also require the
availability of a high calcium pool needed for the enzyme activity. To date,
the presence of a high calcium pool in association with the plasma meambrans
has not been demonstrated. The use of imaunocytochemical technique has also
failed to demonstrate cyclo-oxygenase activity at the plasma membrane (18).
Furthermore, the major enzymes for the coanversion of ?Gﬂz to I’GD2 in the
eicosanoid biosynthetic pathway are found in the cytosol instead of the
microsomal fraction (19). All these contradictions suggest the existence of a
different explanation for the intimate linking between the arachidoanic acid
cascade and the release of histamine.

Our recent identification of a non-bilayer phospholipid storage in the
secretory granules of the mast cell raigses a strong possibility that this
phospholipid pool may be responsible for providing the bulk of the arachidonic
acid needed in the synthesis of the eicosanoids during histaaine release (10).
The presence of a high calcium pool in the granule can easily satisfy the
calcium requirement for the various enzyme activities (20). The present
finding which localizes the eicosanoid syathesizing enzymes to the secretory
granule not only makes the linking of the histaaine-release process to the
production of eicosanoids a physical possibility, it also explains why the
initial time courses for both the histamine release and the production of
eicosanoids are so closely parallel. The simultaneous activation of the
granule and the initiation of the arachidonic acid cascade provide the basis
for the coupling of exocytosis to the formation of lipid-derived mediators.

In this communication, we have demonstrated that exposure of arachidonic
acid to the granule matrix contents at neutral pH is sufficieat to i{nitiate
the arachidonic acid cascade. This finding underscores the important role of
pH in granule activation. Mray enctymes are inhibited by an acidic pH. In
fact the pH of the quiescent granule has been suggested to be about 5 (21).
This acidic pH is necessary to suppress the granule protease activity which
can cause the elevation of intragranular pH and osmotic pressure. If we are
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correct in postulating that an influx of cellular water into the granule is
the early event in the activation of the granule, then this water influx may
also contribute to local pH changes. If the influx of cellular water were
tied to an influx of alkaline ions, this would provide an effective way to
raise the intragranular pH and to activate the granule enzymes which include
those involved in the arachidonic acid cascade. The possibility for the
existence of a K'/H' or Na'/u' exchange mechanism on the perigranular membrane
should be ‘nvestigated.

Fo.iowing the fusion of the activated granule with the plasma membrane,
the granule contents are exteriorized and become exposed to the extracellular
pH. This alkalization assures the activation of the various granule enzyaes
and the continued synthesis of eicosanoids. This continued synthesis may
account for the accumulation of PGD2 detected beyond the time point when the
release of histamine has already leveled off or decreased. The exposure of an
elcosanoid synthesizing machinery to the extracellular environmeant may also
have profound effects on the production and the breakdown of the mediators.
The nonenzymatic conversion of PGH2 to PGD2 in the presence of serum albumin
is an example of how the local environment can alter the outcome of the
arachidonic acid cascade (22).

Although we have not identified any product of the lipoxygenase pathways
in this study, yet we have implied that these enzymes, if present, can also be
found in the granule along with the cyclo-oxygenase. This iamplication is
based on the fact that many products of the lipoxygenase pathways, such as the
leukotrienes, the hydroperoxy- and hydroxy-eicosatetraenoic acids, have
already been detected together with prostaglandins and other products of the
cyclo-oxygenase pathways during the anaphylactic reaction (1). Although our
present experimental conditions may not be conducive for the activity of the
lipoxygenases, we suspect that LIB‘ might be preseant in Band 5 (Fig. 2) since
Band 5 contains component of similar Rf value as the LTB‘ standard. Soame of
the hydroperoxyeicosatetraenoic acids snd the hydroxyeicosatetraenoic acids
may also be present in Band 6 and Band 7 in Fig. 2. Until proven otherwise,
it aight be superfluous at this point to postulate a different cellular
compartaent for the lipoxygenases.

To extrapolate our present findings to the mechanisa of ansphylaxis, it
is important to realize that the triggering of the arachidonic acid cascade
during granule activation also depends on the availability of the substrate,
arachidonic acid. This means that the release of the arachidonic acid froam
the hydrolysis of matrix-bound phospholipid by phospholipases is crucial to
the initiation of the arachidonic acid cascade in vivo. In agreement with
this, our prelisinary data has also suggested the presence of a phospholipase
Az activity in the sast cell grenule, and its presence has enabled us to
elucidate the synthesis of PGBz from endogenous arachidonic acid. Since the
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granules can also rapidly synthesize phospholipids from exogenous arachidonic
acid (Band 1 in Fig. 2) it suggests that the granules must also possess the
machinery for phospholipid turnover. All these suggest that the secretory
granule may hold the key to the many rapid biochemical events associated with
exocytosis, which 1includes de novo membrane assembly, rapid phospholipid
turnover, and the production of the 1lipid-derived mediators.
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Reactions of hyvdroxyl radicals with DNA form a variety of base and sugar
products and 8,5'-cyclopurine 2'-deoxyribonucleoside residues in DNA. Here
we report the effect of DNA conformation on the yields of 8,5-cyclopurine
2'-deoxvnucleosides and the ratios of their (5'R)- and (5'S)-diastereomers. Calf
thymus DNA in native (double-stranded DN A) or heat-denatured form (single-
stranded DNA) was exposed to hydroxyl radicals generated by ionizing radia-
tion in nitrous oxide-saturated phosphate buffer. Doses ranging from 10 to
40 Gy were used to ensure low levels of damage to DNA and thus to preserve its
secondary structure in experiments with double-stranded DNA (ds-DNA).
After irradiation, DNA was hydrolysed enzymatically to 2’-deoxyribonu-
cleosides. The hydrolysates were dried, trimethvlsilyated, and analyzed by
capillary gas chromatography-mass spectrometry with selected-ion monitoring.
An internal standard was used for quantitative measurements and added to
DNA samples prior to enzymatic hydrolysis. The yields of 8,5-cyclo-2'-
deoxvadenosine and 8,5'-cyclo-2'-deoxyvguanosine in single-stranded DNA
(ss-DNA) were higher than those in ds-DNA. The (5'R)-diastereomers of
both compounds were found to predominate over their (5'S)-diastereomers
in ss-DNA. In contrast, the vields of the (5'S)-diastereomers in ds-DNA
were slightly higher than those of the (5'R)-diastereomers. The G values of
8,5"-cvclo-2'-deoxyadenosine in ss-DNA and ds-DNA were 0-042 and 0-025,
respectively. Those of 8,5 -cyclo-2"-deoxyguanosine in ss-DNA and ds-DNA
were 0-038 and 0-017, respectively.

Introduction

Free radicals generated in vizo by cellular metabolism appear to play an
important role in a number of human diseases (for a review see Halliwell and
Gutteridge 1985). The interaction of external agents, such as jonizing radiations,
with cellular water can also form free radicals in living systems. Since DNA is
considered a critical cellular target for attack by free radicals, e.g. hvdroxyl radicals,
the free radical chemistry of DNA has been the subject of extensive study (for a
review see von Sonntag 1987). A large number of products from both the sugar
moiety and the heterocvclic bases in IDDNA have been isolated and identified (von
Sonntag 1987).
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In the case of purine nucleosides and nucleotides, one unique reaction induced
by hydroxyl radicals is the intramolecular cyclization between the carbon-5' (C-5')
of the sugar and the C-8 of the purine in the absence of oxygen. This reaction has
been observed in adenosine-5"-monophosphate (5'-AMP) (Keck 1968, Raleigh et al.
1976, Raleigh and Fuciarelli 1985), in 2'-deoxyadenosine (dAdo) (Mariaggi et al.
1976), in polyadenlyvic acid (polyA) (Fuciarelli et al. 1986), and in 2'-deoxy-
guanosine (dGuo) (Dizdaroglu 1986a) and the resulting products have been
isolated and identified. Recently, the (5'R)- and (5'S)-diastereomers of 8,5'-cyclo-
dGuo have been identified in DNA 7y-irradiated in aqueous solution and in DNA
isolated from y-irradiated human cells (Dizdaroglu 1986 a, Dizdaroglu et al. 1987).
An immunochemical assay of 8,5'-cyclo-dAdo (as the sum of the (5R)- and (5'S)-
diasteromers) in DNA y-irradiated in aqueous solution has also been reported
(Fuciarelli et al. 1985). The stereoselectivity of the cyclization process appears to
depend much on the nature of the substrate, as variations have been reported for the
ratios of the (5'R)- and (5'S)-diastereomers of 8,5 -cyclo-Ado formed from adeno-
sine and from 5’-AMP and in polyA (Fuciarelli et al. 1986). Moreover, the ratio of
the (5’'R)- and (5'S)-diastereomers of 8,5'-cyclo-dGuo in DNA y-irradiated in
unbuffered aqueous solution has been found to be different from that in DNA
isolated from y-irradiated human cells (Dizdaroglu 1986 a, Dizdaroglu et al. 1987).
These findings, and the findings by Fuciarelli et al. (1986), prompted us to
investigate the effect of DNA conformation on the yield and ratios of the dias-
tereomers of 8,5’-cyclopurine 2’'-deoxyribonucleoside residues produced in DNA in
aqueous solution by ionizing radiation-generated hydroxyl radicals. This paper also
describes for the first time the identification of both the (5'R)- and (5'S)-
diastereomers of 8,5'-cyclo-dAdo in DNA y-irradiated in N,O-saturated aqueous
solution.

2. Experimentalt
2.1. Materials

Calf thymus DNA, 2'-deoxyadenosine (dAdo), deoxyribonuclease I, snake
venom exonuclease, and spleen exonuclease were obtained from Sigma Chemical
Co. Alkaline phosphatase was from Boehringer Mannheim. Acetonitrile and
bis(trimethylsilyDtrifluoroacetamide (BSTFA) were purchased from Pierce
Chemical Co. Samples of (5'S)-8,5 -cyclo-adenosine [(5'S)-8,5'-cyclo-Ado], and
(5’'R)- and (5'S)-diastereomers of 8,5-cyclo-dAdo were kindly provided by
Dr J. A. Raleigh (Cross Cancer Institute, Edmonton, Alberta, Canada), and
Dr K. T. Wheeler (Bowman Gray School of Medicine, Winston-Salem, NC),
respectively.

2.2, Preparation of DN A solutions and irradiations

Double-stranded DNA (ds-DNA) solutions were prepared by dissolving calf
thymus DNA (0:5mg/ml) in 30mmol dm ™3 phosphate buffer (pH7:2). The
melting *emperature of the DNA in this solution was 78-2°C. Single-stranded
DNA (ss-DDNA) was prepared as described by Alberts and Herrick (1971). Briefly,

t Certain commercial equipment or materials are identified in this paper in order to
specify adequately the experimental procedure. Such identification does not imply re-
commendation or endorsement by the National Bureau of Standards, nor does it imply that
the materials or equipment identified are necessarily the best available for the purpose.
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an aliquot of the ds-DNA solution was heated to 95°C for 5 min followed by rapid
cooling on ice. Solutions of ds-DNA and ss-DNA were saturated with oxygen-free
nitrous oxide and then irradiated in a ®°Co-y-source at doses ranging from 10 to
40 Gy at a dose rate of 5 Gy/min. The dose rate of the source was determined by
ionization chambers. Aliquots of unirradiated and irradiated DNA solutions were
exhaustively dialyzed against water and then lyophilized. A solution of dAdo
(1 mmol dm ~3) was saturated with nitrous oxide, y-irradiated at a dose of 200Gy,
and then lyophilized.

2.3. Enzymatic hydrolysis and derivatization

One milligram DNA samples were dissolved in 0-5ml of 10mmol dm™3
Tris'HCI buffer (pH 8-5) containing 2 mmol dm ~* MgCl,, and then an aliquot of
the internal standard, i.e. (5'S)-8,5-cyclo-Ado, was added. The samples were
incubated with deoxyribonuclease I (100 units), spleen exonuclease (0-01 unit),
snake venom exonuclease (0-5 unit), and alkaline phosphatase (10 units) for 24 h at
37°C. Subsequently, samples were lyophilized and trimethylsilylated in
polytetrafluoreethylene-capped hypovials (Pierce) with 0-:2ml of a mixture of
BSTFA and acetonitrile (1:1) by heating for 30 min at 130°C. Unirradiated samples
were treated in the same manner. Samples of dAdo were derivatized as above.

2.4. Gas chromatography-mass spectrometry (GC-M.S)

A Hewlett-Packard Model 5970A Mass Selective Detector controlled by a
Hewlett-Packard Model 59970A Computer Work Station and interfaced to a
Hewlett-Packard Model 5890A Gas Chromatograph was used. The injection port,
the ion source and the GC-MS interface were maintained at 250°C. Separations
were carried out using a fused silica capillary column (25m x 0-32mm internal
diameter) coated with crosslinked 5 percent phenyl methylsilicone gum phase (flm
thickness, 0-17 um). Helium was used as carrier gas at an inlet pressure of 20 kPa.
Mass spectra were obtained at 70 eV. The split mode was used for injections.

3. Results
3.1. Identification of (5R)- and (5'S )-8,5 -cyclo-dAdo in DN A

Samples of dAdo y-irradiated in N,O-saturated aqueous solution were tri-
methylsilylated and analyzed by GC-MS to determine whether both the (5R)-
and (5'S)-diastereomers of 8,5'-cyclo-dAdo were present, and to obtain informa-
tion about their gas chromatographic and mass spectral properties. The GC-MS
technique has been shown previously to be a useful tool for characterization of
free radical-induced sugar and base damage in DNA (for a review see Dizdaroglu
1986 b).

Figure 1 shows a total-ion chromatogram obtained from a trimethylsilylated
sample of y-irradiated dAdo. Peaks 1 and 6 correspond to the trimethylsilyl (Me,Si)
derivatives of adenine and dAdo, respectively. Peak 2 also represents dAdo with one
Me;Si group missing from the molecule. Peak 5 corresponds to the Me,Si
derivative of 8-hydroxy-dAdo. The expected molecular ion (m/2z 465) of the Me,Si
derivative of 8,5'-cyclo-dAdo (8,5 -cyclo-dAdo(Me;Si);] was monitored simul-
taneously (not shown here) and found to be present in the mass spectra of the
products represented by peaks 3 and 4. The mass spectra taken from these peaks are
ilustrated in figures 2A and 2B, respectively. As can be seen, these mass spectra are
essentially identical to each other with only slight differences in the intensities of the
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Figure 1. ‘Total-ion chromatogram obtained from a trimethylsilylated sample of dAdo
y-irradiated in N,O-saturated aqueous solution (dose 200 Gy). Column details were
as in the Experimental section. Temperature program was from 150 to 250°C at
10°C/min. Peaks: 1: adenine (Me;Si),; 2: dAdo(Me;Si);; 3: (5'R)-8,5-cyclo-
dAdo(Me;Si);; 4: (5'S)-8,5'-cyclo-dAdo(Me;Si)y; $: 8-hydroxy-dAdo(Me;Si),;
6: dAdo(Me,; Si),.

characteristic ions. This clearly indicates the presence of two isomeric compounds.
The mass spectra in figures 2A and 2B could be interpreted here as the two possible
(5'R)- and (5'S)-diastereomers of 8,5 -cyclo-dAdo(Me,;Si); (peaks 3 and 4, respec-
tively) on the basis of the gas chromatographic and mass spectral behaviour of the
Me,;Si derivatives of other 8,5 -cyclo~purine nucleosides, which have been docum-
ented recently (Dizdaroglu 1986a). A GC-MS analysis of authentic compounds,
which were available, confirmed these interpretations. A fragmentation mechanism
of 8,5-cyclo-dAdo(Me,Si); depicting the formation of the characteristic ions is
shown below:

292

-Het
307 309

............. ]

He3$ 10

Tons at m/z 465., 450 and 360 in figures 2A and 2B (not shown in the scheme above)
correspond to the molecular ion (M* -), (M-CH,)* and (M-CH;-Me;SiOH)*,
respectively.

Using the information obtained above, the GC-MS technique with selected-ion
monitoring (GC-MS/SIM) was used to search for the (5R)- and (5'S)-
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Figure 2.  A: Mass spectrum taken from peak 3 in figure 1; B: mass spectrum taken from
peak 4 in figure 1.

diastereomers of 8,5'-cyclo-dAdo in the enzymatic hydrolysates of DNA
y-irradiated in N,0O-saturated aqueous solution at doses ranging from 10 to 40 Gy.
For this purpose a number of characterisitic ions, i.e. m/z 465, 450, 360, 334, 309,
292 and 278, from the mass spectrum of 8,5'-cyclo-dAdo(Me;Si); (see figure 2)
were monitored simultaneously. Figures 3A and 3B illustrate the ion-current
profiles at m/z 465 obtained from samples of ds-DNA and ss-DNA, respectively,
y-irradiated at 40 Gy. Figures 3A and 3B also contain the ion-current profiles of
m/z 553, which is the M™ - of 8,5-cyclo-dGuo(Me;Si),. This compound has
recently been identified in y-irradiated DNA (Dizdaroglu 1986 a). Peaks 3 and 5
correspond to the (5'R)- and (5'S)-diastereomers of 8,5’-cyclo-dGuo(Me,;Si),. The
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Figure 3. lon current profiles at m/z 465 and 553 obtained during GC-MS/SIM analysis of
trimethylsilylated enzymatic hydrolysates of DNA samples y-irradiated in N,0-
saturated aqueous solution at 4) Gy. A: ds-DNA; B: ss-DNA. Column details were as
in Figure 1. Peaks: 1 and 2: (5R)- and (5'S)-diastereomers of 8,5-cyclo-
dAdo(Me,Si);, respectively; 3 and §: (5'R)- and (5'S)-diastereomers of 8,5'-cyclo-
dGuo(Me;Si),, respectively; 4: (5'S)-8,5'-cyclo-Ado(Me,;Si) (internal standard).
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m/z 553 ion is also the M * - of the Me,Si derivative of 8,5 -cvclo-Ado (peak 4 in
figure 3), which was added as an internal standard to the DNA samples prior
to enzymatic hydrolysis. In Figures 3A and 3B, discernible peaks of m/z 465,
i.e. peaks 1 and 2, are seen at the expected retention times of (5R)- and (5'S)-
diastereomers of 8,5'-cyvclo-dAdo(Me;Si);. For identification, partial mass spectra
were obtained subsequently on the basis of the recorded characteristic ions
of 8,5'-cyclo-dAdo(Me;Si); and their relative abundances. As an cxample, a
partial spectrum obtained from the signals at the elution time of (5'S)-8,5'-
cyvclo-dAdo(Me,Si); (peak 2 in figure 3) is illustrated in figure 4. This partial
spectrum is directly correlatable to that of (5'S)-8,5-cyclo-dAdo(Me;Si); in
tigure 2B. Similarly, the partial spectrum obtained from the signals at the
GC-retention time of (5'R)-8,5'-cvclo-dAdo(Me;Si), (peak 1 in figure 3) was also
correlated to the mass spectrum of (5'R)-8,5'-cyclo-dAdo(Me;Si); illustrated in
tigure 2 (results not shown here). T'his indicates that both the (3'R)- and (5'S)-
diastereomers of 8,53'-cvclo-dAdo were identified in y-irradiated DNA.

3.2. Yields of 8,5 -cyclopurine 2’ -deoxynucleoside residues in DN A

The quantitative measurement of 8,5 -cyclopurine 2’-deoxynucleoside residues
in DNA 7y-irradiated in N,O-saturated aqueous solution at doses ranging from
10 to 40 Gy was carried out using the GC~MS/SIM technique. For this purpose,
(5'S)-8,5"-cvclo-Ado was used as an internal standard. DN A samples containing a
known amount of the internal standard were hydrolvzed enzymatically. This was
followed by trimethyvlsilylation and GC-MS/SIM analysis. The Me;Si derivative
of (5'8)-8,5-cyclo-Ado has the same fragmentation patterns as 8,5 -cyclo-
dGuo(Me;51), (Dizdaroglu 1986a) and 8,5'-cyclo-dAdo(Me;Si); (see above).
Moreover, the mass spectra of these compouitds show molecular ions with nearly
equal relative intensities. For this reason, the m/z 465 ion for 8,5 -cyclo-
dAdo(Me;Si); and the m/z 553 ion for both 8,5 -cyclo-dGuo(Me;Si), and 8,5'-
cvclo-Ado(Me;Si), were recorded simultaneously for quantitative analysis and the
relative molar response factors of molecular ions for these three compounds were
assumed to be equal. Figures 3A and 3B illustrate representative ion-current
profiles at m/z 465 and 553 obtained during the GC-MS/SIM analysis of samples of
ds-DNA and ss-DNA, respectively. These profiles clearly show the differences
between the ratios of the diastereomers of each 8,5 -cyclopurine 2'-deoxynucleoside
and between their yields in ds-IDNA and ss-DNA. A plot of the total yields of 8,5'-
cyclopurine 2'-deoxynucleosides in ds-DNA and ss-DNA versus radiation dose
shows a linear dose-yield relationship (figures 5 and 6). The yield of each of the 8,5'-
cyclopurine 2'-deoxynucleosides in ss-DNA was higher than in ds-DNA, A
comparison of figures 5 and 6 shows that the yields of both 8,5'-cyclopurine
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Figure 4. Partial mass spectrum generated on the basis of the monitored ions and their area
counts at the elution position of (5'8)-8,5-cyclo-dAdo(Me;Si), (peak 2 in figure 3).
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Figure 5. Dose-yield plots of 8,5 -cyclo-dAd in DNA; @: ss-DNA; O: in ds-DNA.
Each point represents the mean ( + standard deviation) of three independent experiments.

2’-deoxynucleosides were similar in ss-DNA, whereas the yield of 8,5'-cyc! --dAdo
was higher than that of 8,5 -cyclo-dGuo in ds-DNA. The G values (number of
molecules formed per 100 eV of radiation energy) of these products calculated from
the dose-yield plots and the ratios of their diastereomers [(5'R)/(5'S)] are listed in
table 1. As can be seen from table 1, the yields of (5'R)-diastereomers of both 8,5’'-
cyclopurine 2'-deoxynucleosides in ss-DNA were greater than those of (5'S)-
diastereomers. In contrast, in ds-DNA, the vields of the (5'S)-diasterecomers were
greater than those of the (5'R)-diastereomers.

4. Discussion

QOur interpretation of the data presented is that the nature of the DNA, whether
single- or double-stranded, affects the involvement of its purine 2’-deoxynurleoside
residues in the hydroxyl radical-induced formation of 8,5'-cyclopurine 2'-deoxy-
nucleosides. The salient features in this argument are that the yields of 8,5'-
cyclopurine 2’-deoxynucleosides are higher in ss-DNA than in ds-DNA, suggest-
ing ‘protection’ by the secondary structure of the DNA. Furthermore, in ss-DNA,
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Figure 6. Dose-yield plots of 8,5-cyclo-dGuo in DNA; @: ss-DNA; O: in ds-DNA.
Each point represents the mean ( + standard deviation) of three independent experiments.
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Table 1. G vaiues of 8,5-cvclopurine 2'-deoxyribonucleosides and the ratios of their
diastereomers in DNA, h
(; value (5'R)/(5'S)

Substrate 8,5 -cvelo-dAdo 8,5 -cvclo-dGuo 8,5 -cvclo-dAdo  8,5-cyclo-dGuo

ss-DNA 0-042 0-038 1-8 27
ds-DNA 0-025 0-017 0-8 0-8

the vield of 8,5 -cvclo-dAda is very similar to that of 8,5'-cyvclo-dGuo. In contrast,
in ds-DNA, the vield of 8,5 -cyclo-dAdo 1s approximately 50 percent higher than
that of 8,5'-cvelo-dGuo (table 1). This observation is in agreement with the general
idea of protection by double-strandedness of DNA, if we assume that the higher
vield of 8,5'-cvclo-dAdo in ds-IDNA was derived from adenine-thymine (A-T) rich
segments of DNA. Such segments would undergo opening & closing or strand
separation reactions, i.e. ‘structural breathing’, to a greater extent and at a higher
rate than random or guanine-cytosine (G-C) rich segments of DNA (von Hippel
and Felsenfeld 1964). These A-T-rich, more open segments would produce a
‘local’ environment favourable to the formation of 8,5'-cyclo-dAdo. Supporting
this concept are the findings of Rafi et al. (1968), who determined the vield of
radiation-induced base damage in DNAs of varving base composition. They
demonstrated that the G value for base damage increases with increasing A-T
content of DNA much like the transition temperature of DNA decreases with an
increase in A-T/G-C ratio (Marmur and Doty 1959).

Extensive work on the effect of DN A conformation on free radical-induced base
destruction led to the ‘shielded base hypothesis’ (Ward and Kuo 1978). In general,
the G values for base destruction are lower in native than in random coil or in
monomeric substrates. In this hypothesis there is assumed to be a shift in the
probability of the initial radical attack toward the sugar phosphate backbone in
native DN A because of its peripheral position relative to the central axis in the
double helix. In other words, the ratio of sugar radicals to base radicals would
increase significantly when the polynucleotide chain is in native conformation. The
formation of cvclo-purine nucleosides is generally considered to be the result of
initial hvdrogen atom abstraction by hvdroxyl radicals from the C-5' of the sugar
moiety followed by intramolecular cvclization (Keck 1968). If this mechanism were
applicable, and if the effect of DN A conformation on resulting products were due to
physical hiding or exposure of parts of the polymeric substrate, it would be
expected that the cvclization of purine nucleosides would indeed be favoured in
native DNA. However, our results do not bear out this prediction. It is not possible
from the information at hand to decide whether the mechanism suggested by Keck
(1968) for the formation of 8,5'-cvclopurine 2'-ribonucleosides does not apply, or
whether an adjustment in the concept of shielding of target moieties or of the initial
radical attack in DNA is in order. Another possible mechanism might involve an
initial attack at a purine base resulting in formation of an N-centered hvdroxyl
adduct radical, as has been suggested for formation of a different type of product
from dGuo (L.angfinger and von Sonntag 1985). The base adduct radical might
then attack the sugar moiety by abstracting a hydrogen atom from the C-5"to forma
(- 5'-centered radical, which would undergo intramolecular cyclization. Resti-
tution of the purine base is required in this process, if the base radical is a part of the
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same nucleotide subunit (Langtinger and von Sonntag 1985). However, in DNA
the hvdrogen atom abstraction from the sugar moiety might also occur through a
neighbouring or a distant base radical. Evidence for such a mechanism has been
obtained with polyuridylic acid (Lemaire et al. 1984, Schulte-Frohlinde and Bothe
1984), and thymine oligo- and polynucleotides (Karam et al. 1988).

Our results contradict the findings by Fuciarelli et al. (1985) on the vields of
8,5 -cvclo-dAdo in ss-DNA vs. ds-DNA, which were measured by a competitive
enzyme-linked immunosorbent assay (ELISA). The lowest radiation dose used was
200 Gy, which is five times higher than the highest dose (40 Gy) used here. The data
by Fuciarelli et al. (1985) show that the effect of the DNA conformation or. the yvield
of 8,5'-cvclo-dAdo was negligible at 200 Gy under both gasing conditions used. At
doses above 200 Gy the vield of 8,5 -cyclo-dAdo was higher in ds-DNA than in ss-
DNA, which is in contrast to our results obtained at much lower doses. Fur-
thermore, the data by Fuciarelli ef al. (1985) show that only results obtained from
ss-DNA irradiated in N,-saturated solution can be readily fitted to a linear
dose-response. Under all other conditions a nonlinear dose-yield response was
obtained, suggesting a possible saturation of damage in DNA. A study by Ward and
Kuo (1978) demonstrated that high amounts of damage due to high radiation doses
will cause native DNA to denature because of increased amounts of strand breaks
and base damage. LLow doses ranging from 10 to 40 Gy were used in the present
work to ensure the low amounts of damage to DNA in order to preserve its native
state.

The pronounced effect of DNA conformation on the yield of the (5'R)- and
(5'S)-diastereomers of 8,5'-cyclo-dAdo and 8,5'-cyclo-dGuo is another aspect of
the cyclization of purine 2’-deoxyribonucleosides. In ss-IDNA, the vield of the
(5'R)-diastereomers is higher than that of the (5'S)-diastereomers (table 1). This
observation parallels data obtained with y-irradiated poly A (Fuciarcli et al. 1986). In
ds-DNA, however, the yield of the (5'S)-diastereomers was found to be greater than
that of the (5'R)-diastereomers. This is in agreement with the recent finding that
(53'S)-8,5'-cyclo-dGuo was formed predominantly over (5'R)-8,5'-cyclo-dGuo in
DNA of y-irradiated human cells (Dizdaroglu et al. 1987). However, our results
contradict the suggestion of Fuciarelli et al. (1986) that the (5'R)-diastereomers of
8,5 -cyclopurine 2'-deoxyribonucleosides would predominate in ds-DNA,

In conclusion, the results presented here show a pronounced effect of DNA
conformation on the vields of hydroxyl radical-induced 8,5 -cyclopurine 2'-deoxy-
ribonucleoside residues in DNA, and on the ratios of their diastereomers.
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FOSKeTT, J. KEVIN. Simultaneous Nomarski and fluores-
cence imaging during video microscopy of cells. Am. J. Physiol.
255 (Cell Physiol. 24): C566-C571, 1988.——A video microscope
designed to allow low light level fluorescence imaging of cells
during simultaneous high-resolution differential interference
contrast (DIC) imaging, without the fluorescence light losses
of 60-90% normally associated with this contrast-enhancement
technique, is described. Transmitted light for DIC imaging,
filtered at >620 nm, passes through standard DIC optical
components, (4 A-plate, polarizer, and Wollaston prism) before
illuminating the cells. Transmitted light and fluorescence emis-
sion pass through a second Wollaston prism but not through
the analyzer, which is repositioned more distally in the optical
path. Prisms designed to reflect light out a side port of the
microscope to a video camera have been replaced with a dichroic
mirror. This mirror reflects fluorescence emission out the side
port to a low light-sensitive video camera. The spectrally dis-
tinct transmitted light continues through the dichroic mirror
to an overhead camera through a polarizer (analyzer), which
completes the DIC optical path. The fluorescence and DIC
images can be viewed simultaneously on side-by-side video
monitors, examined sequentially by an image-processing com-
puter, or examined simultaneously using a video splitter/in-
serter. The ability to image cells with high resolution simulta-
neously with low light levei fluorescence imaging should find
wide applicability whenever it is necessary or desirable to
correlate fluorescence intensity or distribution with specific cell
structure or function.

differential interference contrast; low light level; fura-2

VIDEO IMAGING of fluorescence has recently become a
very powerful tool in cell biology. The coupling of the
video microscope to video image-processing systems has
provided in the light microscope an instrument capable
of quantitative fluorescence measurements within single
cells. However, incorporation and illumination of flu-
orescent probes in living cells, especially at the single
cell level, may not be without adverse physiological ef-
fects. For example, excited fluorescent probes (intrinsic
and extrinsic) may generate toxic oxygen free radical
species (6) and buffer intracellular ion levels and may
have diverse metabolic or toxic effects (7). Two general
strategies are employed to minimize these effects. First,
attempts are made to minimize the amount of dye loaded
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into the cell. Second, the total excitation light flux is
reduced, by exposing the cell to intermittent excitation
and/or by attenuating the excitation intensity. Because
fluorescence intensity is proportional to the amount of

-probe as well as the level of excitation illumination, these

strategies require enhanced light-detection systems as
well as the elimination of optical elements, including
phase rings and polarizers, which attenuate fluorescence
excitation and emission intensities. For example, an ideal
polarizer transmits 50% of the incoming light, although
in practice it generally transmits only 30-40%. In a
microscope equipped for Nomarski differential interfer-
ence contrast (DIC), the fluorescence emission will pass
through a Wollaston prism and a polarizer. If the exci-
tation light also passes through the same elements, then
the resultant fluorescence intensity will be <10% com-
pared with that of the same microscope without these
elements. Thus low light level fluorescence imaging is
generally associated with elimination of optical elements
that provide high contrast in transmitted-light imaging.
The loss of image resolution and contrast resulting from
the elimination of these optical elements is further com-
pounded by another necessity of video imaging. Because
the video detector is operated in a low light level mode
for the fluorescence imaging, the transmitted light inten-
sity used for bright-field imaging must be greatly atten-
uated. This results in an image with poor signal charac-
teristics that is degraded by noise in the camera. Even
with digital image-processing systems where it is possible
to integrate a number of sequential images, the resultant
image is still degraded compared with that obtained
under high light level conditions and with the expense
of lost temporal resolution. As a result of the combined
effects of eliminating contrast-enhancing optical ele-
ments and imaging under photon-poor conditions, low
light level fluorescence is associated with poor transmit-
ted light imaging, making correlation of fluorescence
with simultaneous cell structure and function difficult.

I have developed a video microscope system to make
quantitative fluorescence measurements in single living
cells while they are simultaneously imaged with high
contrast and resolution in Nomarski DIC optics, without
the light losses normally associated with this contrast-
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enhancement technique. This development allows good
correlation between fluorescence and cell structure in
real time.

METHODS

Microscope. The ability to image cells in DIC and
fluorescence simultaneously without fluorescence light
loss due to DIC optical components requires two video
detectors, the means to separate spectrally the two im-
ages to the respective cameras, and a judicious placement
of the polarizers in the optical path. The microscope (a
Zeiss IM-35 inverted microscope equipped for epifluores-
cence) shown in Fig. 1 incorporates these elements. A
standard 60-W halogen lamp is employed for transmitted
light imaging, and a 75-W xenon arc is generally em-
ployed for fluorescence excitation. Most of my work
employs a Zeiss Neofluor X63, numerical aperture (NA)
= 1.25 lens, since it combines high light-gathering ca-
pability with a fairly long (0.5 mm) working distance,
which is helpful for examining thick specimens and in
electrophysiology experiments. With an open-bath
chamber a Zeiss water immersion X40, NA = 0.75 lens
is used as the condenser lens; for long-working distance
applications, a Leitz X32, NA = 0.40 lens is used instead.
The transmitted light optical path incorporates the ele-
ments required for DIC imaging. The light from the
halogen lamp is polarized by a calcite prism (Zeta Inter-
national, Prospect, IL) and passes through a Wollaston
prism before illuminating the preparation. Fluorescence
excitation from the xenon arc is directed to the prepa-
ration by a standard Zeiss dichroic mirror encased in a
Zeiss filter cube. Fluorescence emission as well as trans-
mitted light that passes through the specimen pass
through the objective lens and a second Wollaston prism
associated with it. In the standard Zeiss configuration,
the light would next pass through a second polarizer
(unalyzer). However, because this polarizer would be in
the fluorescence emission light path, it was repositioned
more distally in the optical path, as described later. In
the standard microscope configuration, the light proceeds
through the microscope to a set of prisms designed to
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either allow the light to continue to the oculars or to
direct it at right angles through a side port to a video
camera. With the use of a Zeiss Photochanger (or other
trinocular), it is possible to mount, in addition to the one
at the side port, a second camera above the oculars. The
prisms can direct the light to either or both cameras.
However, they cannot direct fluorescence emission to
one camera and transmitted light to the other. To this
end, I have replaced the prisms with a simple dichroic
mirror mounted at 45° to the incident light path. The
dichroic mirror can separate light based on spectral
properties; thus it becomes possible to image the trans-
mitted light and fluorescence separately if they are spec-
trally distinct. Because most biologically relevant probes
have fluorescence emission <550 nm, the halogen light
is initially filtered to allow only >620 nm light for trans-
mitted light imaging. The dichroic mirror that reflects
the fluorescence excitation to the preparation passes this
red light without interference. The dichroic mirror that
replaces the prisms to direct the light to the appropriate
cameras is chosen to be able to pass >620 nm to the
overhead camera for transmitted light imaging and re-
flect the fluorescence emission out the side port through
an interference filter for fluorescence imaging. The ana-
lyzer (calcite prism) is positioned between this dichroic
mirror and the transmitted light camera, completing the
DIC light path. Thus the overhead camera views the
preparation in high light, contrast, and resolution DIC
optics, whereas the side-port camera views the low light
level fluorescence. The only DIC optical element in the
fluorescence light path is a Wollaston prism. My meas-
urements indicate that each pass through this prism
attenuates the light by 1-2% at wavelengths >~400 nm.
At 340 nm, attenuation is ~5%. Thus the combination
of DIC with fluorescence imaging results in a fluores-
cence diminution of ~2-4% for most wavelengths.

Video image-processing system. The overhead camera
that views the transmitted light image is coupled to the
microscope by a Zeiss Photochanger (to direct light to
the oculars or to the camera), a X10 ocular, and a Hitachi
zoom lens to adjust the magnification to that of the
fluorescence camera. The ocular/zoom lens unit is ad-
justed to make the overhead, transmitted light camera
parfocal with the side-port camera. The overhead camera
currently used for transmitted light imaging is a silicon
intensified target model (model 65 Dage-MTI, Michigan
City, IN) simply because it was available. However, it is
preferable to use a high-resolution, low-noise camera
such as a Newvicon with gain and black-level controls.

The side-port camera that views the fluorescence emis-
sion is coupled to the microscope using the standard
Zeiss coupling lenses incorporated into a tube that holds
the 45° dichroic mirror in proper position. Although the
local Zeiss representatives (Baltimore Instrument, Bal-
timore, MD) constructed this holder, a standard machine
shop could easily make it. The camera should be sensitive
to low light levels. I employ a two-stage, inverted-type
image intensifier (model XX1380-FL, Amperex Elec-
tronic, Slatersville, RI) coupled by rely lenses (50-mm,
1.2, Nikon, Garden City, NY) to a Newvicon camera
(model 65, Dage MTI) as described by Spring and Smith
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(8). All automatic features (gain, black level) of this
camera are disgbled, and a provision for driving the sync
signal from an external source is incorporated into it to
allow images from the overhead (transmitted light) cam-
era to be inserted into the video field of the intensified
camera by the use of a video mixer (described below).

The video signal from the transmitted light camera is
encoded for time and date (For-A, VT G-33, Los Angeles,
CA), analog enhanced (For-A Contour Synthesizer, V-
530), and directed to a video tape recorder as well as a
video switching device (Videotek, PVS-6, Pottstown, PA)
(Fig. 2). The switching device feeds the signal to a video
disk recorder (Precision Echo, EFS-1B, Santa Clara, CA)
for recording and/or displaying on a video monitor. This
image can be time-base corrected (Edutron, ced 2h-1)
and directed to the input of video image-processing
boards (IP-512 series, Imaging Technology, Woburn,
MA) housed in a Heurikon HK-68 computer (Madison,
WI). The video signal from the fluorescence camera
proceeds to a monitor and then to the image processor.
Under software control, the image processor can select
either camera as input and digitize images to 512 x 480
or 256 X 240 pixel resolution. The digitized images can
be output to the video disk recorder. In a modified
arrangement, the transmitted light image can be time/
date coded and analog enhanced (as above) and inserted
into the video signal of the fluorescence camera using a
video splitter/inserter (RCA, TC1470A, Lancaster, PA).
The advantage of this arrangement is that because the
image processor can digitize signals from only one camera
at a time, a signal containing both images results in no
temporal dispersion between the time the image proces-
sor digitizes the images from the two cameras.

The fluorescence and DIC images can be viewed si-
multaneously in real time on side-by-side monitors or on
one monitor if the splitter/inserter is used. However, the
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FIG. 2. Image-processing system. Video signals are from cameras
viewing Nomarski image (top) and fluorescence image (bottom). Boxes
with arrows, television monitors; larger box with arrow. a color monitor;
arrows within boxes, indicate that fluorescence image is inverted from
top to bottom compared with corresponding Nomarski image, until
image processor creates an upright image to facilitate comparison
between images. Boxes containing numbers, video switching devices.
See text for further details.
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fluorescence image is inverted as a result of being re-
flected at right angles out of the microscope to the
camera. Although this sometimes makes real time cor-
relation of fluorescence with the DIC image somewhat
difficult, it is advantageous for viewing both images on
one monitor using the splitter/inserter, as shown in
RESULTS. However, there are two ways to flip the image
over in real time to facilitate viewing and comparing with
the DIC image on side-by-side monitors. The first
method is an optical approach. Placement of a dove prism
in the optical path in front of the fluorescence camera
will invert the image. I have not employed this prism in
my microscope because of some difficulty in properly
aligning it. The second method is an electronic approach.
As an option on some video cameras, the raster scan can
be initiated from the bottom of the field instead of the
top.

Images digitized by this image-processing computer
can be processed and/or stored in four video frame buff-
ers (in real time), on video disk recorder (200 images in
half real time), or laser disk recorder (24 x 10° images in
real time), in 4-Mbyte random access memory (requiring
a couple of seconds; it can be as fast as real time in some
other image-processing systems), on 45-Mbyte Winches-
ter disk, or on 65-MByte steaming tape (both requiring
several seconds). The computer controls a stepping mo-
tor for microscope focus as well as shutters between the
halogen and xenon lamps and the microscope and pinch
valves to permit rapid changes of perfusion media. For
examination of cells labeled with more than one dye, or
for examination of dyes requiring more than one excita-
tion wavelength, a custom-designed bank of solenoid-
activated interference filter (1 in.; Ditric Optics, Hudson,
MA) holders is positioned between the xenon arc and
the microscope on a mechanically independent platform
to prevent vibration transmission to the microscope.
These filters can be called into and out of the light path
under computer control. Switching between two wave-
lengths requires ~40 ms.

RESULTS

The advantages of DIC imaging have been reviewed
(4). DIC images have a three-dimensional look, provide
a shallow depth of field (out of focus information does
not interfere), and provide high resolution and contrast.
However, for low light level fluorescence imaging in a
microscope with a single camera, DIC optical compo-
n.its are removed from the microscope, and the prepa-
ration is imaged in bright-field optics under low light
level conditions. Figure 3 demonstrates the advantages
of the two-camera system for imaging cells under low
light level conditions. Figure 3A is a digitized fluores-
cence image of a field of living human monocytes recently
plated onto a glass cover slip. The fluorescence is cell
autofluorescence demonstrating the low light conditions
in which the system is able to work and emphasizing the
extreme sensitivity of the intensified Newvicon. Figure
3B shows the same field of cells imaged by the same
camera at the same gain setting in low light level bright-
field optics. In Figure 3C, the same field of cells is imaged
in DIC optics with the second camera while simultane-
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F1G. 3. Advantages of 2-camera system for imaging cells under low light level conditions. Human monocytes in
tfluorescence (A), low-light light level brightfield optics (B), and high light level differential interference contrast
(DIC) optics (). Fluorescence is cell autofluorescence (excitation 380 nm, emission 500 £ 20 nm). DIC image is
inverted. from top to bottom, compared with other images, since it was obtained from a camera mounted at 90° to
fluoresence/bright-field camera. Fluorescence image was obtained on 1 camera while simultaneously imaging in DIC
optics on another. Arrows and arrowheads identify same cells, for orientation. See text for details. Bar, 15 um.

ously imaging the fluorescence with the first camera.
Figure 3C demonstrates the remarkable gain in trans-
mitted light resolution and contrast obtained in this
system compared with the single camera system under
low light level conditions.

In the simplest configuration, the video-microscope
system consists of two cameras with outputs that are
directed to two monitors. In Fig. 44, side-by-side moni-
tors display live images of human monocytes grown in
culture on glass cover slips. The field on the right is
imaged in DIC optics, whereas on the left the same field

FIG. 4. Simultaneous differential interference contrast (DIC) and
fluorescence imaging. Human monocytes, grown in culture, perfused
on stage of microscope and loaded with Ca**-sensitive dye, fura-2. Left
monitor: fluorescence emission. Right monitor: simultaneous DIC im-
age. Bottom: transmitted light shuttered off. See text for details. Bar,
50 um.

of cells is imaged simultaneously in fluorescence. The
cells have been loaded with the Ca**-sensitive dye fura-
2 and are being excited at 380 nm and observed at 500 +
20 nm. The cells are imaged with high resolution and
contrast in DIC while the fluorescence is likewise imaged
in good detail. Figure 44 demonstrates the parfocality of
the two images as well as the inverted (from top to
bottom) nature of the fluorescence image compared with
the DIC image as a result of being deflected at right
angles out through the side port of the microscope.

It is possible to make quantitative measurements of
fluorescence despite the high light throughout the DIC
optical path. This is evident in Fig. 4B, which demon-
strates that the fluorescence intensity is unaffected by
the presence of the transmitted light, indicating that
there is no “spectral contamination” of the two light
paths. However, this may not always be the case, de-
pending on conditions including the degree of spectral
separation of the two light paths, the quality of the
dichroic filter than separates the light to the two cam-
eras, the gain and sensitivity of the fluorescence camera,
and the intensities of the fluorescence and transmitted
lights.

Although the cameras permit simultaneous imaging of
DIC and fluorescence, the image-processing computer
that I use can digitize input from only one camera at a
time. However, under software control the computer can
rapidly switch between the two. Figure 5 represents
digitized images of living human monocytes loaded with
fura-2 and excited at 380 nm, as previously described.
Figure 5A represents a digitized (512 x 480, 128-frame
integrated average) DIC image of these cells. Figure 5B
is a digitized 128-frame average fluorescence image of
the same cells obtained beginning 33 ms after the DIC
image was grabbed. The image processor has constructed
the inverted image to make comparison with the DIC
image easier. The acceptable amount of time separating
the two images will depend on the physiology of interest,
the signal-to-noise of the images, and the degree of cell
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FIG. 5. Sequential differential interference contrast (DIC) (4) and
fluorescence (B) imaging. Human monocytes perfused on stage of
microscope and loaded with fura-2. Images are digitized 512 X 480,
128-frame integrated averages. See text for details. Bar, 25 um.

movement, It may also depend on the amount of imme-
diately available image-storage buffers. For example, to
integrate two images, each to 16-bit resolution, requires
three 8-bit frame buffers. If only two are available, the
first image must be transferred out of one of the frame
buffers into computer memory or an image-recording
device such as a video disk or tape recorder. The amount
of time required for such a transfer will also determine
the minimum amount of time to separate acquisitions
from each camera.

One solution to these problems is to mix the video
signals from the two cameras with the use of a video
splitter/inserter. A video splitter/inserter allows display
of user-selected portions of video from two cameras on
one video signal such that both can be simultaneously
viewed, recorded. or digitized. In Fig. 6, fura-2-loaded
monocytes are observed in DIC and fluorescence optics
simultaneously digitized as a single video input from the
video splitter/inserter.

DISCUSSION

The application of video techniques to fluorescence
microscopy has led to an increased use of fluorescent
dyes to probe living cells. Photographic techniques for
examining fluorescence distribution in living cells is se-
verely limited by the sensitivity of emulsion to low light
levels. The resultant long exposures result in poor tem-
poral resolution, probe bleaching, possible photodynamic
damage to the cell, and cell movement artifacts. The

SIMULTANEOUS DIC AND FLUORESCENCE IMAGING

FIG. 6. Video splitter/inserted combined differential interference
contrast (DIC) and fluorescence images. Cultured human monocytes
loaded with fura-2. Top: DIC image. Bottom: simultaneous fluorescence
image. See text for details. Bar, 15 um.

speed and sensitivity of video overcomes these problems.
Rapid changes in fluorescence intensity and distribution
can be followed and recorded in real time. The use of
ultra low light level-sensitive video detectors has made
it possible to image fluorescence in living cells for rela-
tively long periods of time with minimal photodynamic
injury and dye bleaching. Furthermore, these cameras
allow the cells to be loaded with less dye, thereby mini-
mizing toxic or perturbing effects of the fluorescence
probe. Thus video fluorescence microscopy affords the
possibility to probe diverse intracellular environments
simultaneously over time and under different physiolog-
ical conditions. Beeause these capabilities largely accrue
from the ability to work at very low light levels, the
optical paths within the microscope should transmit
excitation and emission wavelengths with as little light
loss as possible. Therefore, a high numeral aperture
objective is used, the number of reflecting surfaces within
the microscope is minimized, the excitation lamp is fo-
cused and centered, and so forth. A generally employed
technique has been to remove optical elements used to
enhance contrast in transmitted light imaging. However,
full advantage of the high spatial and temporal resolution
provided by low light level video imaging of fluorescence
is realized only when the cell structure can also be imaged
with high contrast and resolution and with equivalent
temporal resolution. In that way, a high correlation be-
tween cell structure and fluorescence can be achieved.
DIC imaging permits resolution of structural detail
that surpasses other light microscopic methods. The use
of video for DIC imaging has greatly extended the useful
resolution and contrast provided by the light microscope
(1, 4). Thus the combination of low light level fluores-
cence with DIC imaging provides the best means to
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correlate fluorescence distribution with cell structure in
living cells. However, at least one polarizer, and in some
microscopes two polarizers, are present in the fluores-
cence light path, diminishing fluorescence intensity by
70-90%. The microscope described (i the present paper
allows simultaneous application of DIC imaging and low
light level fluorescence without these light losses. This
has been achieved by removing the DIC analyzer from
the fluorescence optical path and by a modification of a
standard Zeiss microscope to separate the transmitted
light and fluorescence emission spectrally to two separate
video cameras. This arrangement allows correlation of
cell structure with fluorescence in real time. Because the
two imaging modalities are not viewed with the same
camera, different magnifications and geometrical distor-
tions in the two cameras and optical paths do not permit
a precise overlay of the fluorescence and DIC images
(although sophisticated image-processing techniques
could in fact precisely superimpose the two images).
However, for most applications this will not be a serious
limitation, since it will usually be possible to correlate
fluorescence with the fine structure of the cell even when
it is not possible to strictly superimpose the two images
(see Figs. 5 and 6). For example, subtle retractions of the
periphery of venous endothelial cells on stimulation with
histamine have been observed during simultaneous spa-
tial imaging of Ca®" inside the same cells using the
fluorescent dye fura-2 (3). In many instances, a correla-
tion between fluorescence and cell fine structure is not
important, although correlation with more macroscopic
features of the cells may be important. For example,
changes in cell volume and vacuole formation inside
single cells and single acini isolated from rat parotid
glands have been observed during simultaneous imaging
of intracellular Ca** with fura-2 (2). At a somewhat more
macroscopic level, this technique provides the ability to
accurately identify different cell types in a morphologi-
cally heterogeneous population for correlation with sin-
gle cell fluorescence. It should be pointed out that the
fluorescence-imaging camera could be replaced with a
photomultiplier tube. With an appropriate mask in an
intermediate image plane, nonspatially resolved fluores-
cence can be correlated with cell structure and function.
Finally, it seems worthwhile to consider the utility of
this approach within the context of the recently de-
scribed confocal microscope. In principle (see Fig. 1 of
Ref. 9), the laser-scanning confocal microscope, appro-
priately modified, is an ideal method for imaging cells in
Nomarski optics while simultaneously imaging them in
fluorescence. The tremendously improved spatial reso-
lution of fluorescence in the depth (z) and, to a lesser
extent x-y-dimensions afforded by the confocal micro-
scope allows fluorescence and Nomarksi optical sections
to be perfectly resolved and registered. However, to this
advancement must be weighed certain features of the
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present commercially available confocal microscope, of
which the author is aware, that are less than ideal. First,
the speed at which images are generated in the confocal
microscope may be limiting in certain circumstances.
Second, because the transmitted light wavelength is that
used for epifluorescence illumination, continuous trans-
mitted light imaging of the preparation will cause dye
bleaching and possible direct and indirect phototoxic
effects. Also, polarization of the fluorescence excitation
beam may result in photoselection of fluorophores. Ap-
propriate modifications to be used for the Nomarski
imaging, such as including a second detector and allowing
a second light beam filtered to longer wavelengths and
polarized, will solve these problems. In either type of
microscopy, the ability to image living cells in high
resolution simultaneously with low light level fluores-
cence imaging should find wide applicability whenever it
is necessary or desirable to correlate fluorescence inten-
sity or distribution with specific cell structure and func-
tion.
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Patch-Clamp Studies in Human Macrophages: Single-Channel and Whole-Cell

Characterization of Two K* Conductances
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Semmary. Human peripheral blood monocytes cultured for vary-
ing periods of time were studied using whole-cell and single-
channel patch-clamp recording techniques. Whole-cell record-
ings revealed both an outward K current activating at potentials
>20 mV and an inwardly rectifying K current present at poten-
tials negative to —60 mV. Tail currents elicited by voltage steps
that activated outward current reversed near Ey, indicating that
the outward current was due to a K conductance. The I-V curve
for the macroscopic outward current was similar to the mean
single-channel /-V curve for the large conductance (240 pS in
symmetrical K) calcium-activated K channel present in these
cells. TEA and charybdotoxin blocked the whole-cell outward
current and the single-channel current. Excised and cell-attached
sirgle-channel data showed that calcium-activated K channels
were absent in freshly isolated monocytes but were present in
>85% of patches from macrophages cultured for >7 days. Only
35% of the human macrophages cultured for >7 days exhibited
whole-cell inward currents. The inward current was blocked by
external barium and increased when [K], increased. Inward-rec-
tifying single-channel currents with a conductance of 28 pS were
present in cells exhibiting inward whole-cell currents. These sin-
gle-channel currents are similar to those described in detail in
J774.1 cells (L.C. McKinney & E.K. Gallin, J. Membrane Biol.
103:41-53. 1988).

Key Words potassium - patch clamp - K conductance - mac-
rophage - ion channel

Introduction

Several voltage-dependent K conductances have
been described in macrophages (Gallin & McKin-
ney, in press). These include 1) an inwardly rectify-
ing K conductance described in long-term cultures
(5 to 30 days) of mouse peritoneal and spleen mac-
rophages (Gallin, 1981; Gallin & Livengood, 1981),
and adherent J774.1 cells (a mouse-derived macro-
phage-like cell line) (Gallin & Sheehy, 1985), 2) an
outwardly rectifying K conductance in J774 cells 1
to 4 hr following adherence (Gallin & Sheehy, 1985)
and in mouse peritoneal cells cultured for 1 to §
days (Ypey & Clapham, 1984), and 3) a calcium-

activated K conductance described at the single-
channel level in long-term cultured human macro-
phages (Gallin, 1984; McCann, Keller & Guyre,
1987). These data imply that the K conductances
expressed by the macrophage are different depend-
ing on the source of the macrophage, the culture
conditions and the age of the cells. These differ-
ences are not surprising ia view of the large varia-
tions in function that have been described in macro-
phages from different sources (Van Furth, 1984).

This study characterizes, on both the single-
channel and the whole-cell levels, two voltage-de-
pendent K conductances present in human mono-
cytes that have been grown in tissue culture for
varying periods of time. An outward current is de-
scribed which has a similar voltage dependence and
pharmacology to the calcium-activated K single-
channel currents previously described (Gallin,
1984). Single-channel experiments indicate that this
conductance is not present in freshly isolated pe-
ripheral blood monocytes but is expressed after sev-
eral days of culture. In addition, we demonstrate for
the first time that about one-third of human macro-
phages cultured for >7 days exhibit an inwardly
rectifying K conductance similar to that described
in mouse macrophages (Gallin, 1981; Gallin &
Sheehy, 1985).

Materials and Methods

CELLS

Human peripheral blood monocytes were isolated by density
centrifugation on Ficoll-Hypaque® and Percoll® gradients (Met-
calf et al., 1986). Cells were cultured cither directly on glass
cover slips or in Teflon® jars for several days and then plated. All
cells were grown in RPMI 1640 suppiemented with 5% glu-
tamine, 5% fetal bovine serum, and 100 U/ml of penicillin-strep-
tomycin. After varying times in culture the glass cover slip con-
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taining macrophages was placed in a recording chamber
containing | ml of recording solution (see below). Recordings
were done at room temperature (21 to 25°C).

PATCH-CLAMP TECHNIQUES

Patch electrodes were prepared as previously described (McKin-
ney & Gallin, 1988). Seal resistances ranged from 10 to 50 G1).
Either an EP7 (List Instruments, West Germany) or an Axopatch
(Axon Inst., Calif.) patch-clamp amplifier was used in these stud-
ies. Voltage pulses were generated by a computer and ramp stim-
uli by a Kron-Hite (Avon, Mass.) model 5200A waveform gener-
ator. During ramp stimuli voltages were changed from a pipette
potential of 0 to 100 mV, then to ~100 mV and back to 0 mV.
Single-channel data were filtered at 500 Hz (-3 dB) with a 4-pole
bessel filter and recorded on an FM tape recorder (bandwidth 0
to S kHz). Data were digitized off line at 1000 Hz using an Indec
systems unit (Sunnyvale, Calif.) and a PDP 11/23 computer. Am-
plitude histograms showing open and closed current levels were
constructed from single-channel current records 33 or 66 sec in
duration. Analytical methods are described in the preceding pa-
per (McKinney & Gallin, 1988).

For whole-cell recordings data were digitized on line at 500
Hz. In most recordings. capacitance and series resistance were
compensated electronically, although a small residual capacita-
tive transient sometimes remained. In the studies where capaci-
tance and series resistance were not compensated currents were
<1.5 nA. Since series resistance (measured directly from the
amplifier after capacitance compensation) ranged from 3 to 8 MQ)
the maximum possible error for the studies in which no compen-
sation was used was 12 mV. In some cases, residual capacitative
and leak currents were eliminated from current tracings by sub-
tracting appropriately scaled current responses of the opposite
polarity. When the current peaked rapidly peak current ampli-
tude was measured after the settling of the capacitative transient.

The zero-current potential measured immediately (~30 sec)
after obtaining the whole-cell configuration was taken to be a
reasonable estimate of the resting membrane potential (resting
V.). Resting V,, for monocytes cultured for 11 to 15 days was
=51 = 3mV (n = 27). Cells were held within several mV of the
zero-current potential and stepped to varying potentials every 4
to 8 sec unless otherwise noted. Membrane resistance measured
from steps to —40 or —60 mV was 1.8 = 0.2 Gf} (n = 25). No
consistent shift in the voltage at which the inward or outward
current activated was noted during the first 10 min of recording.
In some cases an increase in the magnitude of the outward cur-
rents was evident during the first S min of recording, presumably
due to the high (3 x 10-¢ m) [Ca]; in the pipette solution. Record-
ings were usually stable for 10 to 25 min.

Membrane capacitance was calculated by integrating the
capacitative transients recorded in the absence of filtering. Hu-
man monocytes increase in size in culture so that by 11 to 14
days in culture cells were ~22 u in diameter, compared to 10 to
14 4 in diameter when first isolated. Capacitance measurements
ranged from 40 to 100 pF and averaged 79 pF. The value for the
specific membrane capacitance of the macrophage membrane
calculated from the surface area of a 22 u sphere and the cell
capacitance was 5.2 uF/cm?, 5 times greater than the expected |
uF/cm? value for the capacitance of most biological membranes.
Thus the value of membrane surface area is probably an underes-
timate. This may be due to the prominent membrane infoldings
evident in scanning electron micrographs of macrophages.

oAl | ina)
3y 2

0.5 nA

110 msec

1.2

Fig. 1. (A) Whole-ccll currents from a cell grown in tissue cul-
ture for 10 days. Patch electrode contained 3 x 10 M [Ca), in
KCIl Hanks'. Input resistance of cell measured for step to —40
mV was 1.6 x 10-° Ohms. Capacitance = 83 pF. V, = -3I mV.
Voltage steps to 20, 40, 60, 80, and —140 mV. (B) Peak I-V
relation from cell in 1(A). Dashed line represents mean single-
channel current [steady state open probability (from Fig. 38) x
single-channel current) obtained from fourteen excised inside-
out patches with NaCl Hanks’ in electrode and KCI Hanks' (3 x
10-¢ M Ca) in bath

SoLuTIONS

NaCl Hanks’ contained (in mm) 150 NaCl, 4.5 KCl, 1.6 CaCl,,
1.13 MgCl,, and 10 HEPES, pH 7.3. KCl Hanks’ contained 150
KCl, 10 NaCl, 1.13 MgCl,. 10 HEPES, 1.1 EGTA and varying
concentrations of calcium, pH 7.2. For final ionized calcium lev-
els of 3 x 1076 M, 107* M, 10-7 M, and 10~ M, the calcium
concentrations were 1.07, 1.0, 0.55 and 0.1 mm, respectively. In
studies where higher [(Ca]; levels were required both EGTA and
calcium were omitted, yielding {Ca); levels (assessed with a cal-
cium-sensitive electrode (WPI, Conn.]) of ~10-5 m. In a few
studies, equimolar Kisethionate was substituted for KCI.

Tetracthylammonium chloride (TEA) was obtained from
Aldrich Chemical Co. (Milwaukee, Wis.). Partially purified
charybdotoxin, obtained from Dr. C. Miller, was diluted in the
appropriate Hanks’ solution to a concentration of approximately
50 nM.

Resalts

CALCIUM-ACTIVATED PoTAssiuM CONDUCTANCE
Whole-Cell Outward Currents

Stable (10 to 20 min) whole-cell currents could not
be obtained routinely from freshly isolated or 1- to
2-day cultured human monocytes. The incidence of
successful whole-cell recordings increased with
time in culture. Therefore the whole-cell currents
described in this paper were done on monocytes
grown in culture for at least 5 days. Figure 1(A)
shows the whole-cell currents of a human macro-
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Fig. 2. (A) Tail currents. V,, = —75 mV. Cell was stepped to 50
mV for 200 msec and then to - 10, ~30, —50, —70 and -90 mV.
(B) I-V relationship of tail currents was measured as difference in
current 10 msec after initiation and 10 msec before the end of
second step

phage cultured for 10 days. Voltage steps of >20
mV elicited outward currents characterized by a
noisy baseline and no time-dependent inactivation.
Hyperpolarizing voltage steps (—80 to —150 mV)
produced small inward currents that were only
slightly greater than the leak currents measured at
—50 mV. The I-V relationship of this cell (solid line
in Fig. 1B) shows prominent outward rectification.

In order to determine the reversal potential of
the outward current, tail currents were measured in
three different cells exhibiting large (~5 nA) out-
ward currents. Cells were first stepped to potentials
that activated the outward current (either 50 or 70
mV) and then stepped to a series of potentials rang-
ing from —10 to —90 mV (Fig. 2A). Figure 2(B) plots
tail current amplitude versus potential of the second
step; the resulting /-V curve reverses at a potential
of —75 mV. Similar data were obtained from two
other cells. Under these recording conditions, cal-
cium and sodium have positive reversal potentials,
and the chloride reversal potential is 0 mV. The
only ion with a negative reversal potential is potas-
sium (Ex = —85 mV), providing strong evidence
that the outward current must be carried predomi-
nantly by K.

Single-Channel Outward Currents

Previous studies in this laboratory have demon-
strated that human macrophages grown in tissue
culture express large conductance K channels that
are activated by both intracellular calcium and volt-
age (Gallin, 1984), In 150 mm symmetrical KCi the
I-V relationship and channel conductance is 240 pS.
Under conditions of asymmetric K (150 mm {K);
and 150 [Na],) the /I-V curve is nonlinear, single-
channel conductance is reduced and the reversal
potential shifts towards Ex (Gallin, 1984). This usu-

ally is the most prevalent channel present at de-
polarized potentials in patches of membrane from
cultured (S to 30 days) macrophages.

In order to compare the voltage dependence of
this channel with that of the macroscopic outward
current shown in Fig. 1(A), the steady-state channel
open probability was determined in excised inside-
out patches under ionic conditions which were simi-
lar to the whole-cell recordings (the patch electrode
and bath contained NaCl Hanks’ and KCl Hanks’ 3
x 10-¢ M calcium], respectively). Amplitude histo-
grams were obtained from current records of 14 dif-
ferent patches (4 patches contained [ channel, 7
patches contained 2 channels, 2 patches contained 3
channels and 1 patch contained 5 channels). Two
representative histograms from a single patch are
shown in Fig. 3(4). It was assumed that the chan-
nels behaved independently. Therefore, the open-
state probability (p) was calculated from the equa-
tion:

N =
p=2 n-PnN (1
n=0

where Pn (the area under peak n) is the probability
that n channels are open simultaneously, and N is
the number of channels in the patch. The open-state
probability plot is shown in Fig. 3(B). Before using
these data to calculate the mean single-channel am-
plitude (p - i), p was estimated by fitting the data to
a sigmoidal equation:

p(V) = A + B/l + exp(— (V — C)D)) (2)

where A is the minimum open-state probability, A +
B is the maximum open-state probability, C is the
midpoint of the curve, and D is the slope. These
values were 0.001, 1.0, 98 and 12, respectively.

There was considerable variability between
patches. For example, open-state probability at 60
mV ranged from 0.03 to 0.24. There was no corre-
lation between the open-state probability at a given
potential and the age of the macrophage in the 14
patches studied. Despite the variability, it is appar-
ent that depolarization beyond 30 mV was needed
to significantly activate the channels even though
{Ca); (3 x 10-% M) was considerably higher than the
{Ca]; values reported in resting phagocytes (Stickle,
Daniele & Holian, 1984; Young, Ko & Cohn, 1984).
In several studies in which [Ca); was elevated to
~10-5 M, large increases in open-state probability
were noted. At potentials of 20 and 40 mV, p in-
creased to 0.21 and 0.75, respectively.

The voltage dependence of the single-channel
current is compared with whole-cell data in Fig.
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1(B). The dashed line is a plot of the mean single-
channel current amplitude (p - i) calculated from
the open-state probability (Fig. 3B) and the single-
channel current amplitude. It is evident that the sin-
gle-channel and the whole-cell currents have similar
voltage dependencies. The number of channels in
the cell depicted in Fig. 1 can be estimated from the
relationship (V) = N - p(V) - i(V) where I is the
whole-cell current amplitude at potential V, and N
is the number of channels. The cell had approxi-
mately 660 channels.

Effect of TEA

The effect of TEA, which is a well-known blocker
of large conductance calcium-activated K channels
in other tissues (Iwatsuki & Petersen, 1985; Gug-
gino, et al., 1987), was studied on the single channel
and the macroscopic outward currents. Whole-cell
outward currents were measured before and after
bath addition of TEACI (15 to 20 mm) in 11 different
cells. Data from one of these cells are shown in Fig.
4(A). The outward current for a step to 80 mV in the

Fig. 3. (A) Single-channel activity from an
excised inside-out patch from a cell cultured
for 12 days. Electrode and bath contained
NaCl Hanks' and KCIl Hanks' 3 x 10 ¢ M
{Ca);, respectively. Amplitude histograms
determined for 60 sec of data at each potential
are depicted under representative current
tracings. Single-channel current records were
leak subtracted. (B) Steady-state open
probability versus voltage recorded under
same conditions as in (4). Data points are
mean * sem. Number of patches used to
determine each point shown in parentheses.
Curve fit to a sigmoidal relationship had a
multiple R square of 0.99

]
100 (pA)

presence of TEACI was reduced by >90% whereas
leak or inward currents were only slightly affected.
Similar results were obtained in the other 10 cells
studied.

Figure 4(B) depicts data from an experiment in
which currents from calcium-activated K channels
were recorded from a cell-attached patch before
and after the electrode was perfused with TEACI
(10 mMm). Channel activity was abolished after expo-
sure to TEACI. Because perfusion of the electrode
often led to disruption of the patch, related studies
were done in which channel activity was assessed in
cell-attached patches with and without TEACI in
the electrode. Eight patches obtained without
TEACI in the electrode contained calcium-activated
K channel activity (with 2 to 4 channels per patch).
No large outward current fluctuations were present
in the five patches obtained with electrodes contain-
ing 5 mm TEACI. Exposure of the inner surface of
the membrane of excised inside-out patches to
TEACI (5 mm) did not block channel activity, al-
though there was a slight (10 to 20%) decrease in the
channel conductance, similar to that reported in
other preparations (Iwatsuki & Pererson, 1985).
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Closed Cell-attached patch from a human macrophage
cultured for 21 days before and after electrode
was perfused with 10 mm TEACI. Bath and
electrode contained KCl Hanks' solution. V,
= 80 mV

Effect of Charybdotoxin

Charybdotoxin, isolated from scorpion venom, is a
high-affinity (K; ~ 10 nM) blocker of the large con-
ductance calcium-activated K channel (Miller et al.,
1985, Guggino et al., 1987). The effects of charyb-
dotoxin on whole-cell currents from a macrophage
are shown in Fig. 5(A). Outward current was
present for voltage steps to 70 and 90 mV. After the
addition of charybdotoxin to the bath (~25 nm), the
outward current was almost completely eliminated.
This cell also exhibited inward currents for hyper-
polarizing step to —100 mV or more negative. As
shown in the /-V curves in Fig. 5(A), the inward
current was not significantly affected by the addi-
tion of charybdotoxin. Similar results were obtained
in two other experiments.

In other studies we tested the effect of charyb-
dotoxin on single-channel currents. Excised inside-
out patches were bathed in symmetrical KCl with
the inside of the membrane exposed to 3 x 107 M
[Ca);. Patches were obtained from human macro-
phages grown in tissue culture for at least one week.
Three to four channels were present in each of
seven patches in which the electrode contained only

KCIl Hanks' (Fig. 5B). In five other patches, done
under the same ionic conditions, charybdotoxin
(~25 nM) was present in the electrode. In three of
these patches channel activity was absent at all po-
tentials, while in two patches, channel openings
were evident only at potentials >90 mV (Fig. 5B).
The maximum channel amplitude at the holding po-
tential of 100 mV corresponded to the channel size
expected for the calcium-activated K channel under
these conditions. However, no measurement of
conductance was made in the presence of charyb-
dotoxin since channels often did not open fully and
were present only at extremely depolarized poten-
tials. Exposure of the inside surface of the patch
membrane to charybdotoxin did not affect channel
activity.

Expression of the Calcium-Activated K Channel

Human peripheral blood monocytes grown in tissue
culture differentiate into macrophages during the
first week in culture (Bainton & Golde, 1978). In
order to determine whether calcium-activated K
channel expression changes during differentiation
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Fig. 6. Relationship between time in culture and presence of Ca-
activated K channels. Data are from excised inside-out patches
in symmetrical KC| with 3 x 10-¢ M [Ca] in bath. Number of
patches in each group are indicated in parentheses

cell-attached and excised inside-out patches were
obtained from human monocytes cultured for differ-
ing periods of time. Only 1 out of 32 cell-attached
patches from macrophages cultured for 24 hr or less
contained calcium-activated K channels in response
to depolarizing voltage steps. In contrast, 92% of
cell-attached patches front monocytes cultured for
>13 days exhibited these channels. In cell-attached
patch experiments, the resting potential and [Ca];
(two parameters that influence channel activity)
were uncontrolled, and may vary in cells cultured
for different times. Therefore, experiments also
were done on excised inside-out patches in symmet-
rical KCl with 3 x 10-% m [Ca);. Under these record-
ing conditions only one in 34 patches from cells
cultured for <24 hr contained a calcium-activated K
channel while 89% of the patches from cells cul-
tured for >13 days had calcium-activated K chan-
nels. The data summarized in Fig. 6 indicate that
the percentage of patches with calcium-activated K
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channel activity increased over the first week in cul-
ture.

To determine if the expression of calcium-acti-
vated K channels in human macrophages is affected
by adherent versus suspended growth conditions
monocytes were grown either in Teflon® dishes
(nonadherent conditions) or in adherent conditions
for 2 weeks. Teflon-grown cells were added to the
recording chamber, and patch clamped within min-
utes of adherence and the recordings were com-
pared to those obtained from adherent cells. Cal-
cium-activated K channels were present in both
groups of cells, indicating that adherent growth con-
ditions were not required for channel expression.

INWARDLY RECTIFYING CURRENT
Whole-Cell Inward Currents

Approximately one-third of the cells studied under
whole-celt recording conditions exhibited promi-
nent (G > 0.6 nS at —110 mV) inward currents in
responses to hyperpolarizing voltage steps. The
current tracings and /-V curves from one of these
cells are shown in Fig. 7. No outward currents were
evident for voltage steps to 30 mV. Hyperpolarizing
voitage steps produced inward currents. Time-de-
pendent inactivation, typical of inward-rectifying K
currents (Gallin & Sheehy, 1985; Leech & Stan-
field, 1981), was evident for voltage steps to ~100
mv or more negative. The ratio of the inward cur-
rent measured at the peak of the current and the end
of the voltage step declined from §.81 to 0.37 be-
tween —100 and — 140 mV, respectively (Fig. 7).
Previously we stated that the inward-rectifying
conductance is important in setting the resting V,, of

Fig. 7. (A) Currents recorded from a human
macrophage cultured for 18 days. V, = =70

g mV. Input resistance for voltage step to —30
mV was 4 x 10-? Ohms. Steps to —100,
-110, —120, -130, and - 140 mV before (A)
and after (B) addition of 2 mm BaCl. (C) (@)
Peak and (W) steady-state I-V curves. Dashed
line shows peak current after BaCl

1-0.50

the macrophage (Gallin & Livengood, 1981; Gallin
& Sheehy, 1985). The V,, of cells exhibiting promi-
nent (G > 0.6 nS) inward rectification was com-
pared to cells recorded on the same day that
showed little or no inward rectification. Seventeen
cells exhibiting inward-rectifying conductances
(ranging from 0.7 to 3.8 nS) had an average resting
V. of =56 * 4 mV while 19 cells in which this
conductance was absent or quite small had an aver-
age resting V,, of —42 = 2.5 mV.

Effect of Barium

The inward-rectifying K current in mouse perito-
neal macrophages (Gallin & Livengood, 1981), the
macrophage-like cell line J774 (Gallin & Sheehy,
1985) and other cells (Standen & Stanfield, 1978) is
blocked by external barium. Figure 7 shows the I-V
relationships for inward current in a human macro-
phage before and after addition of barium to the
bath. The inward current was completely blocked
whereas leak current was unaffected.

Effect of K],

A characteristic of the inward-rectifying conduc-
tance is that the inward current increases with the
square root of [K]),. Figure 8 depicts inward cur-
rents from a cell in which [K], was reduced from
148 to 31 mMm. In 148 mMm K/10 mm Na, currents
were large and inactivation was largely absent, even
for steps to — 180 mV (Fig. 84). In contrast, in 31
mm K/134 mMm Na the inward currents were smaller,
and inactivation was prominent for steps more neg-
ative than —120 mV. The peak /-V curve obtained
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in each solution is plotted in Fig. 8(C). The whole-
cell conductance was 17 nS in 31 mm (K], and 26 nS
in 148 mm [K],. The data agree with previous find-
ings in the macrophage-like cell line, J774.1, that
the inward-rectifying K conductance is proportional
to the square root of [K], (Gallin & Sheehy, 1985).

Single-Channel Inward Currents

Inward single-channel current fluctuations were ob-
served in 379 of the cell-attached patches from hu-
man macrophages cultured for 7 to 20 days (Fig. 9).

Currents were observed at zero or negative pipette
potentials and did not reverse. The single-channel
I-V curve for the patch is shown in Fig. 9(A). The
zero-current potential of this cell was not deter-
mined so the voltages represent the electrode hold-
ing potential only. Assuming the cell has a resting
membrane potential of —51 mV (the average V,,) the
channel reversal potential (E..,) is 0 mV. Under
these recording conditions, the equilibrium poten-
tial for [K], will be close to zero, assuming [K]; is
158 mM. [The value of [K]; has not been measured
in cultured human macrophages. therefore we used
the value for [K]; in J774.1 cells (Sung et al., 1985).]
The average channel conductance was 28 + 1 pS (n
= 12), similar to that reported for inwardly rectify-
ing K channels in J774.1 cells (McKinney & Gallin,

Measuring the reversal potential of small chan-
nels, or channels that rectify can be difficult (see
preceding paper by McKinney and Gallin). In addi-
tion to estimating the reversal potential by extrapo-
lation of the /I-V curve we also used voltage ramps

I {nA)
5.0
c. [ 1988).
25
=
110 msec V (mV} ‘!."
-_'.'?;’o """ 100

-2.5

110 msec

-5.0

Fig. 8. Effect of [K], on inward currents. Macrophage cultured
for 8 days. vV, = 0 mV. Currents are leak subtracted. Steps to
—80. - 100, - 120, - 140, —160, and —180. (A) Currents were
recorded in medium containing 148 mm KCI/10 mm NaCl. (B)
Currents were recorded in media containing 31 mM KC1/134 mm
NaCl. (C) Peak I-V curves for cell shown in (A) (O) 148 mm K.
and in (B) (@) 31 mm K

(0.5 mV/sec) to determine the reversal potential.
One of these studies is shown in Fig. 9(B). The rest-
ing potential of this cell was determined by breaking
through the patch after the voltage ramp was com-
pleted. Therefore the voltage axis in Fig. 9(B) repre-
sents the true membrane potential across the patch.
For clarity, the closed-current level was superim-
posed on the voltage axis and the open-current level
was depicted by the dashed line. Inward currents
that did not reverse polarity as the patch membrane
was depolarized are evident in the ramp. The chan-
nel reversal potential determined from the intersec-

50
-V (mV)

Open .-

I (pA)
12.5
vV (mV R
-- closed :";61 80 400 4:9! 0 Fig. 9. Inward currents in cell-attached
-Open ’ ’ ’ ‘,v’ patches from human macrophages cultured for
open 2 e 20 and 22 days. Bath contained NaCl Hanks:
_/'/ 25 electrode contained KC] Hanks'. (A)
I 5 pA /./ Single-channel currents at holding potential,
260 Tsec / 50 -70 mV. I-V relationship of single-channel

currents shown on right. G = 28 pS. Potential
represents electrode potential and does not
include resting V... (C) I-V relationship from a
different patch obtained with voltage ramp
(0.36 mV/sec). Potential represents total
potential across patch membrane and includes
resting V., which was -45 mV, Current trace
was shifted so that the closed-current level
was superimposed on the voltage axis. Dotted
line was drawn through the open-current level
between ~ 150 to - 100 mV.  determined
from dotted line = 26 pS
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tion of the closed- and open-current levels is close
to 0 mV. In contrast, the dashed line superimposed
on the open-current level in the region of —150 to
=100 mV intersects the voltage axis at —20 mV
rather than 0 mV. This is because there is a slight
rectification of the I-V curve near the reversal po-
tential.

To test for chloride permeability of the channel,
several experiments were done with Kisethionate
Hanks' in the patch electrode. Inward channels
were present that had conductances of 28 pS and
extrapolated reversal potentials of —10and —~8 mV.
Assuming that isethionate is an impermeant anion,
the results rule out chloride as a current carrier,
since E¢ under these recording conditions would be
30 mV {assuming [Cl]; = 40 mMm (Melmed, Karaman
& Berlin, 1981)).

Two representative current tracings at —80 and
— 100 mV, together with amplitude histograms, are
shown in Fig. 10 for a cell-attached patch containing
two channels. The actual potential across the patch
membrane was determined from the electrode hold-
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Fig. 10. (A) Inward currents in a cell-attached patch from a mac-
rophage (20 days in culture) at membrane potentials of —80 and
~ 100 mV. lonic conditions were the same as in Fig. 9. Amplitude
histograms (drawn as a line connecting individual points) for
each potential obtained from 60 sec of channel data are shown
under current tracings. (B) Steady-state open probability versus
voltage for channels shown in (A)

ing potential and the zero-current holding potential
of the cell obtained after the channel recordings
were completed. Channels are closed more at — 100
mV than at —80 mV. These data along with addi-
tional data from the same patch at different holding
potentials were used to determine the steady-state
open probability (using Eq. 1) plotted in Fig. 10(B).
As the potential was made more negative the open-
state probability decreased, so that at —160 mV, it
was only 10%.

Other Conductances

Two different amplitude single-channel outward
currents (G > 30 and > 15 pS) sometimes were
noted at depolarized potentials with KCI in the
patch electrode. In several instances, patches were
obtained that contained both of these small conduc-
tance channels as well as the calcium-activated K
channel. If other outward currents exist in macro-
phage we would expect to see these under whole-
cell recording conditions. However, only 2 out of
>60 whole cell recordings revealed additional out-
ward currents. In those two cases, inactivating out-
ward currents that activated at voltages positive to
—50 mV were seen. These currents were similar to
those previously described in mouse peritoneal
macrophages (Ypey & Clapham, 1984) and J774
cells (Sheehy & Gallin, 1985).

At negative or zero electrode potentials with
KCl in the patch electrode and NaCl Hanks’ in the
bath, a second type of inward rectifying channel
was recorded. The channel had a slightly larger sin-
gle-channel conductance (ranging from 32 to 44 pS),
than the 28 pS channel, did not reverse polarity and
exhibited bursting activity. It was distinct from the
inward 28 pS channel, occurring both in patches
with and without the 28 pS channel. Preliminary
experiments indicate that these channels can be ac-
tivated by bath addition of the calcium ionophore,
ionomycin (Gallin, 1988).

Discussion

OuTWARD CALCIUM-ACTIVATED K CURRENT

Previous patch-clamp studies of human macro-
phages have demonstrated the presence of large
conductance calcium-activated K chaanels in hu-
man macrophages (Gallin, 1984). In this paper, we
extend those observations to demonstrate whole-
cell outward currents in macrophages that corre-
spond to the activation of these channels. This view
is supported by several findings. First, the reversal
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potential of the tail currents indicated that the out-
ward current was a K current. Second, as shown in
Fig. 1(B), with similar [Ca),, the whole-cell /-V and
the mean single-channel current (p - i) I-V relation-
ships have a similar voltage dependence, activating
at voltages > 30 mV. In a few whole-cell studies,
the [Ca); was varied in an attempt to demonstrate
the calcium sensitivity of the outward currents. Un-
fortunately there was so much variability in the am-
plitude of the outward currents from cell to cell that
it was not possible to draw a correlation with [Ca);.

The [Ca); sensitivity of calcium-activated K
channels varies considerably in different cell types.
For example, in rat skeletal muscle, the open-state
probability at 20 mV for 3 x 107 M [Ca); is 0.2
(Barrett, Magleby & Pallotta, 1982), while in pan-
creatic acinar cells, p is ~1.0 at 20 mV (Maruyama
et al., 1983). In macrophages, although there was
variability from patch to patch, this channél was
quite insensitive to [Ca);, having an open-state
probability of 0.004 at 20 mV in 3 x 107% m [Ca];.
Increasing [Ca]; to ~107° M increased p to 0.21 at 20
mV. Assuming that the channel in situ has the same
[Ca); and voltage sensitivity as it does in excised
patches, it is likely to play a minor role in ionic
regulation, functioning primarily when ([Ca);
changes from 10-% to 10~° M. Alternatively, it is
possible that the calcium sensitivity in situ can be
modulated. or that these channels are important in
intracellular compartments where calcium levels
may be quite high (Klempner, 1985). However, the
observation that calcium-activated K channels are
not present in 0- to I-day-old peripheral blood
monocytes indicates that these channels are not re-
quired (on the cell surface) for the monocyte to
carry out phagocytosis, chemotaxis, and secretory
processes which occur in these cells.

Outward current was reduced by bath addition
of either TEA or charybdotoxin at concentrations
that blocked single-channel activity also supporting
the view that calcium-activated K channels underly
the outward current. In cells treated with charybdo-
toxin, a small residual outward current usually re-
mained at very depolarized potentials. Single cal-
cium-activated K channel activity also was present
at very positive voltages in the presence of charyb-
dotoxin (Fig. 5). These two observations are consis-
tent with studies in bilayers indicating that at high
[K); there is a voltage-dependent knockoff of
charybdotoxin from calcium-activated K channels
(MacKinnon & Miller, 1987). It is less clear why a
small residual outward current sometimes remained
following the addition of TEA (10 mM) since similar
concentrations of TEA completely blocked the sin-
gle channels. One possibility is that there is a small
TEA-insensitive outward current in these cells.

INWARD-RECTIFYING K CURRENT

The inwardly rectifying whole-cell currents present
in human macrophages are similar to those de-
scribed in the macrophage-like cell line, 774 (Gallin
& Sheehy, 1985; McKinney & Gallin, 1988) and
mouse spleen and peritoneal macrophages (Gallin &
Livengood, 1981). It is likely that the 28 pS channel
described in this paper is responsible for the macro-
scopic inward current for several reasons. First, in
cases where single-channel and whole-cell record-
ings were done on the same cell, the presence of 28
pS inwardly rectifying channels was always associ-
ated with inwardly rectifying whole-cell current.
Second, the 28 pS single-channel currents described
here are identical in conductance, and in the voltage
dependence of activation and inactivation to the in-
wardly rectifying channels we characterized in de-
tail in the preceding paper in J774 cells (McKinney
& Gallin, 1988).

Human macrophages that express this conduc-
tance generally have a more negative resting V,,
(—56 versus —42 mV), although not as negative as
J774 cells (Gallin & Sheehy, 1985; McKinney &
Gallin. 1988). This agrees with previous findings
that the inward-rectifying K conductance was im-
portant in setting the resting V,, of mouse macro-
phages and the macrophage cell-line, 1774 (Gallin &
Livengood, 1981; Gallin & Shechy, 1985). The rec-
tifying I-V relationship of these cells enables them
to have a resting V,, near Eg but remain sensitive to
small depolarizing currents. Our value of —52 mV
for the average resting V,, of cultured human pe-
ripheral blood monocytes agrees with that of Nel-
son et al. (1985) who reported an average resting V,,
of —55 mV in human alveolar macrophages cultured
for | day or longer, and —14 mV in freshly isolated
cells.

CHANNEL EXPRESSION

Human monocytes grown in tissue culture differen-
tiate into macrophages over a period of 1 week.
During this time changes occur in morphology
(Zuckerman, Ackerman & Douglas, 1979) and func-
tion, although they are essentially a nondividing
population (I. Sechler, personal communication).
Functional changes include a decrease in perox-
idase activity (Nichols, Bainton & Farghuar, 1971),
changes in surface antigens (Zwadlo et al.. 1985), an
increase in phagocytic ability (Wuest et al., 1981)
and an initial increase followed by a decrease in
H:0: secreting ability (Nakagawara, Nathan &
Cohn, 1981). It is thought that this differentiation
process parallels the differentiation that normally
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occurs when monocytes emigrate from the blood-
stream into tissues. The data presented here pro-
vide evidence that an ionic conductance on the
monocyte/macrophage surface also changes during
this maturation period. That is, freshly isolated
monocytes do not exhibit large conductance cal-
cium-activated K channels whereas monocytes cul-
tured for 5 days or longer do. The inward-rectifying
channel was noted in only one-third of the patches
from long-term cultured macrophages. Patches
from cells cultured for 1-3 days frequently con-
tained inwardly rectifying channels, but preliminary
evidence indicates these are primarily the 32 to 44
pS channel: therefore. the expression of the 28 pS
channel was not systematically investigated.

OTHER CURRENTS

Under our whole-cell recording conditions the two
K conductances described in this paper were the
major voltage-dependent conductances present in
human macrophages cultured for 5 to 25 days. Inac-
tivating outward currents similar to those described
in mouse peritoneal macrophages (Ypey &
Clapham, 1984) and J774 cells (Gallin & Sheehy,
1985) were noted in only two cells. The single-chan-
pel small conductance outward currents present in
some patches may be related to the inactivating out-
ward currents seen in two of the cells. In a prelimi-
nary report, Nelson et al. (1986) reported a 4-amino-
pyridine-sensitive outward current activating at
potentials above —30 mV in human macrophages
cultured 1 to 10 days. However, the percentage of
cells exhibiting this current was not discussed.

Our cell-attached patch single-channel record-
ings also revealed a second inwardly rectifying
channel (when KCl is in the electrode and NaCl in
the bath). We have not fully characterized this
channel but it has a similar conductance (~36 pS) to
a K channel described in human macrophages by
McCann et al. (1987). However, in contrast to that
study where channel reversal was noted, this chan-
nel did not reverse polarity in our studies. Prelimi-
nary studies indicate that this channel is activated
by addition of ionomycin to the bath (Gallin, 1988).
Whether this channel contributes to the whole-cell
inward rectification described in this paper remains
to be determined in future studies.

In conclusion, this paper characterizes two
voltage-dependent K conductances at both the
whole-cell and single-channel level in cultured hu-
man macrophages. It also demonstrates that the ex-
pression of at least one of these conductances, the
240 pS calcium-activated K conductance, changes
during the time that the peripheral blood monocyte
is maturi»g into the macrophage.
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Introduction

Macrophages are long-lived leukocytes, originating from bone marrow progenitor cells
that migrate into the bloodstream as monocytes and then into tissues where they
mature into macrophages (Van Furth, 1985). The macrophage, a phagocytic, motile,
and secretory cell, plays a pivotal role in the defense against infective agents and
neoplastic cells as well as in the removal of antigen—antibody complexes and damaged
cells. They respond to numerous signaling agents that can modify or induce functional
responses, including lymphokines, compiement components, neuropeptides, and bacte-
rial products (Van Furth, 1985). In general, the mechanisms involved in signal
transduction in the macrophage are poorly defined. In many other secretory and motile
cells, signal transduction is initiated by the opening of ionic channels in the plasma
membrane (Eckert and Brehm, 1979; Peterson and Maruyama, 1984). There is
evidence that, at least for one stimulus, this may be the case for macrophages as well
(Young et al., 1983). With the recent development of the patch-clamp technique, the
ionic conductances in leukocytes have begun to be characterized and their relationship
to function has begun to be examined (for a review see Gallin and McKinney, in
press).

Patch-clamp studies on macrophages from several sources have shown that
different ionic conductances are present in cells, depending on the origin of the cell as
well as the in vitro growth conditions (Ypey and Clapham, 1984; Gallin and Shechy,
1985; Randriamampita and Trautmann, 1987; Gallin and McKinney, 1988). They
include four different K conductances, a large conductance Cl channel (Schwarze and
Kolb, 1984), and two cation channels, one of which is gated by the binding and
cross-linking of the Fc receptor (Young et al., 1983), and one that may be gated by
calcium (Lipton, 1986). No voltage-dependent calcium or sodium channels have been
described in macrophages. This paper focuses on the four types of K conductances
present in the macrophage. We will first briefly review early intracellular microelec-
trode studies and then describe more recent patch-clamp studies.

Intracellular Microelectrode Studies

Early studies using intracellular microelectrodes to record from macrophages demon-
strated two types of K conductances: (@) one that could be activated by mechanical
stimulation, or exposure to the calcium ionophore A23187 or chemotactic factors
(Gallin et al., 1975; Gallin and Gallin, 1977), and (b) an inwardly rectifying K
conductance (Gallin, 1981; Gallin and Livengood, 1981). Both these conductances
play a role in regulating membrane potential, although it is not yet clear whether
changes in potential are necessary for signal transduction in the macrophage (Pfeffer-
korn, 1984; Gallin and McKinney, in press).

Spontaneous membrane hyperpolarizations have been observed in cultured mouse
and guinea pig peritoneal macrophages and in cultured human peripheral blood
monocytes (Gallin et al., 1975; Dos Reis and Oliviero-Castro, 1977; Gallin and Gallin,
1977). In all instances, the membrane hyperpolarizations were associated with an
increase in membrane conductance that was ascribed to the activation of a Ca-
activated K conductance since (a) the reversal potential (£,,) of the hyperpolariza-
tions was close to the K equilibrium potential (E) (Gallin et al., 1975), (b)
hyperpolarization 2ould be blocked by addition of EGTA (Gallin et al., 1975), and (c)
the intracellular injection of calcium induced a similar hyperpolarization (Persechini
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et al., 1981). Data from a mouse spleen macrophage exhibiting spontaneous membrane
hyperpolarizations are shown in Fig. 1. Initially the cell was current clamped.
Microelectrode penetration (indicated by the first arrow) produced an initial hyperpo-
larization to —62 mV, after which the potential slowly changed to —43 mV. Transient
hyperpolarizations (indicated by @) were superimposed on the resting membrane
potential (V,). When the recording mode was switched to voltage clamp (holding
potential (¥,) = —40 mV), outward currents of 5 nA or less were present. As is evident
in the bottom current tracing, the transient outward currents decreased in amplitude as
V, was changed from —16 mV to —54 mV.
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Figure 1. Chart recorder tracing of an intracellular microelectrode recording obtained using a
single electrode voltage clamp from a mouse spleen macrophage cultured for 13 d. First arrow
indicates impalement of the cell. Asterisk depicts initial hyperpolarization after electrode
penetration. Initial segment of the recording was obtained under current clamp conditions; brief
hyperpolarizing voltage steps were injected to monitor input resistance. Spontancous hyperpo-
larizations are indicated (@). At the second arrow the recording mode was switched to voltage
clamp and outward currents (upward deflections) are seen.

It is not clear whether spontaneous membrane hyperpolarizations occur physio-
logically in macrophages or whether they are due to the mechanical stimulation of
microelectrode penetration and subsequent elevation of intracellular calcium ([Ca]).
Ince et al. (1984) examined the rapid hyperpolarization induced immediately after
electrode penetration, and concluded that it was an artifact of microelectrode damage.
However, we have noted spontaneous current fluctuations that may correspond to
membrane hyperpolarization in cell-attached patch recordings from cultured human
macrophages where electrode-induced leak current was negligible (Gallin, 1988). In
addition, Kruskal and Maxfeld (1988) have recently demonstrated oscillations in [Ca);
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in macrophages immediately after adherence. These occur with a frequency similar to
that of the spontaneous membrane hyperpolarizations. Taken together, these observa-
tions support the view that oscillations in membrane potential induced by the
activation of a Ca-activated K conductance are not restricted to a microelectrode-
induced damage and may occur under physiologically relevant conditions.

In addition to demonstrating a Ca-activated K conductance, intracellular studies
in macrophages also revealed a prominent inward-rectifying K conductance in
cultured mouse macrophages isolated form the peritoneal cavity or the spleen (Gallin,
1981; Gallin and Livengood, 1981). Cells exhibiting this conductance had current-
voltage (I-V) relationships that showed inward rectification and often had a region of
negative slope resistance between —60 and —30 mV. These cells usually had more
negative resting membrane potentials (ranging from —65 to —95 mV) than did
macrophages in which inward rectification was absent (—28 mV). The addition of
either barium or rubidium to the bath inhibited inward rectification and depolarized
cells by 20-30 mV (Gallin and Livengood, 1981). In some cells that showed prominent
inward rectification and a region of negative slope resistance, two stable resting
membrane potentials were present (Gallin, 1981). This behavior has been reported in
cardiac ventricular cells and rat basophilic leukemia cells, which exhibit a similar K
conductance (Gadsby and Cranefield, 1977; Lindau and Fernandez, 1986).

Patch-Clamp Studies
Calcium- and Voltage-activated K Conductance

Whole-cell current. Whole-cell, patch-clamp recordings of cultured human macro-
phages reveal an outward current that activates for voltage steps greater than +20 mV
(Gallin and McKinney, 1988). Fig. 2 4 shows current tracings from a whole-cell
recording in which the patch electrode contained KCl Hanks’ solution with 107¢ M
[Ca),. Large outward currents characterized by a noisy baseline were present in
response to voltage steps of +40 mV or greater, while hyperpolarizing steps produced
small inward currents. The peak I-V relationship (Fig. 2 B) showed prominent
outward rectification. The ionic selectivity of the outward current was determined
from the instantaneous I-V relationship (data not shown). Cells were stepped to + 50
mYV for 200 ms to activate the outward current and then stepped down to various
potentials. The resulting tail currents reversed at — 75 mV, which was near Ey for these
cells. Since no other ion present in the solution had a similar reversal potential, we
concluded that the outward current was due predominantly to an increase in
permeability to K.

Single-channel current. Cell-attached and excised patch recordings from human
macrophages have demonstrated outward single-channel currents activating at depo-
larized potentials (Gallin, 1984). Fig. 3 A shows records from an inside-out excised
patch illustrating the voltage and calcium sensitivity of these currents. At constant
[Ca];, channel activity decreased as the voltage across the patch was made less positive;
at constant ¥, channel activity decreased as [Ca]; was lowered from 3 x 107 M to
5 x 107 M. The calcium sensitivity of this channel is relatively low compared with
similar channels in other secretory cells (Peterson and Maruyama, 1984). The open
probability ( p) of the channel at +80 mV in symmetrical KCl with 3 x 10-* M [Ca);
was only 0.22 (mean of eight inside-out excised patches; Gallin and McKinney, 1988).
Similarly, in cell-attached patches where resting [Ca]; is likely to be 10~ M or lower,
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channel activity was present only at very depolarized pipette potentials of +80 mV or
above (this represents a true membrane potential greater than or equal to +30 mV,
assuming a resting V, of —50 mV). Assuming that the calcium sensitivity of the
channel in situ is similar to that of the excised patch, for channels to be open at negative
membrane potentials [Ca); must be >3 x 107® M. Thus, it is unlikely that these
channels are open very often under normal physiological conditions.

In an excised patch with symmetrical KC, the I-V relationship of the channel was
linear (Fig. 3 B); channel conductance determined from the slope of the line was 250
pS. This value is similar to those reported for the large conductance Ca-activated K
channel in other cells (Barrett et al., 1982; Guggino et al., 1987). The ionic selectivity
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Figure 2. (A) Digitized whole-cell currents from a human macrophage grown in tissue culture
for 10 d. Patch electrode contained 3 x 10~ M Ca in KCl Hanks' solution. Cell capacitance was
83 pF. Holding potential (¥,) = the resting membrane potential (V,,) = —33 mV, defined as the
zero current potential (ZCP). Voltage steps were to — 140, 20, 40, 60, and 80 mV. (B) Peak I-V
relation from cell shown in A. Dashed line represents mean single-channel current (p ¢ 1)
obtained from excised inside-out patches with NaCl Hanks' solution in clectrode and KCl
Hanks’ (3 x 10~* M Ca) in bath. NaCl Hanks’ solution corsisted of 145 mM NaCl, 4.6 mM
KCl, 1.1 mM MgCl,, 1.6 mM CaCl,, 10 mM HEPES, pH 7.3. KCl Hanks’ solution contained
145 mM KCl, 10 mM NaCl, 1.1 mM MgCl,, 1.1 mM EGTA, 1.07 mM CaCl,, 10 mM HEPES,
pH 7.3. (Gallin and McKinney, 1988).

of the channel was determined by changing the ionic constituents of the bath and/or
electrode, and indicated that the channel was permeable to K and relatively imperme-
able to Cl or Na (Gallin, 1984).

To compare the voltage dependence of the single-channel current with that of the
whole-cell outward current, the mean single-channel I-V relationship (refer back to
Fig. 2 B, dashed line) of excised inside-out patches was measured under ionic
conditions chosen to be similar to those of the whole-cell recording configuration, that
is, [Klppene = 4.6 MM and [K)ya = 148 mM. Mean single-channel current ( p ¢ i) was
determined by measuring the single-channel open probability ( p) and the single-
channel current amplitude (i) at various voltages. If the number of channels (n) is
constant, the mean single-channel current amplitude will be proportional to the
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Figure 3. (A4) Chart records of single-channel activity at four holding potentials from an excised
inside-out patch from a human macrophage cultured for 14 d. Patch was exposed to symmetrical
KCl Hanks' solution. Bath contained varying concentrations of [Ca);, as indicated. Patch
contained a least six channels. In this and subsequent figures, upward deflections represent
outward current. Dashed line represents closed current level. (B) 1-V relationship of channels
shown in A. (Gallin and McKinney, 1988).
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whole-cell current amplitude (7) since / = n» p + j. It is evident from the two curves in
Fig. 2 B that the single-channel and whole-cell currents have similar voltage dependen-
cies, supporting the view that the single-channel Ca-activated K current fluctuations
underlie the whole-cell outward current. From the relationship of the whole-cell
current to the mean single-channel current we estimate the number of channels in the
cell depicted in Fig. | to be 660.

Pharmacology. To show additional correspondence between single-channel and
whole-cell Ca-activated K currents, we tested the action of two pharmacological
agents, tetraecthylammonium (TEA) and charybdotoxin, on the outward currents.
Each is known to block Ca-activated K currents in other cells (Miller et al., 1985;
Guggino et al., 1987). In the macrophage, addition of charybdotoxin (~25 nM) to the
outside of the membrane blocked both whole-cell and single-channel curreats (Gallin
and McKinney, 1988). Addition of charybdotoxin to the inner surface of the
membrane had no effect. Externally applied TEACI (10-15 mM) also blocked both
the whole-cell and single-channel Ca-activated K current.

8o} §
£o [ N
52
g€ 60} Figure 4. Relationship between time in culture and presence
56 L of large conductance Ca-activated K channels in human
§+¥ aol macrophages. Data are from excised inside-out patches in
M i \§ symmetrical KCl with 3 x 107 M Ca in bath. Number of
§< \ patches in each group was 34, 16, 15, 22, and 49 (left to
S S 20: N§§ right). (Gallin and McKinney, 1988.)
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Days in Culture

Channel expression and functional relevance. Human peripheral blood monocytes
differentiate into macrophages during the first week in tissue culture. This differen-
tiation involves an increase in size, as well as changes in surface antigens (Zwadlo et al.,
1985), enzyme content (Nichols et al., 1971), the extent of the oxidative burst, and
phagocytosis (Nakagawara et al., 1981). So far, the data we have presented on the
Ca-activated K conductance in the macrophage have been from cells that were
cultured for 7 d or longer. To determine whether the expression of the Ca-activated K
conductance changes during differentiation of the monocyte into a macrophage,
monocytes were cultured for varying periods of time and the percent of patches
containing Ca-activated K channels was measured. Fig. 4 shows a plot of the
percentage of patches containing Ca-activated K channels versus time in culture. Only
1 of 34 patches from cells cultured for <24 h contained Ca-activated K channels, while
87% of the patches from cells cultured for > 13 d did. Thus, the density of this channel
in the membrane of monocytes changes in vitro as the cells are maturing.

Since the expression of other K conductances in the macrophage can be
influenced by whether cells are grown under suspended or adherent conditions (Gallin
and Sheehy, 1985), we also did experiments to determine whether the expression of the




322 Cell Physiology of Blood

Ca-activated K channel is affected by adherence. Cells grown in teflon jars (nonadher-
ent conditions) for 2 wk and then plated for as little as several minutes had
Ca-activated K channels, indicating that adherent growth conditions are not required
for channel expression (Gallin and McKinney, 1988).

The functional role of the Ca-activated K channel is unknown. Freshly isolated
monocytes have no Ca-activated K channels, yet are capable of both phagocytosis and
chemotaxis. It is possible that activation of this conductance underlies the spontaneous
membrane hyperpolarizations previously described. However, several observations
make this seem unlikely. First, the voltage and calcium sensitivities of this channel
(assuming that they are similar in situ and in the excised patch) are such that it will be
closed at negative potentials unless {Ca]; is > 3 x 107* M. While large increases in
[Ca); may occur during penetration with intracellular microelectrodes, we have no
evidence that such large increases occur in response to physiological stimuli. Second,
we have noted oscillations in holding current in cell-attached patches where microelec-
trode damage is not present. Bursts of single-channel current were superimposed on
these oscillations that were not due to the activity of the large conductance Ca-
activated K channel, but instead were due to the activity of a distinctly different
species of K channel (see the section on the bursting inward-rectifying K channel).
Finally, exposure of cells to the calcium ionophore ionomycin during cell-attached
patch recordings did not significantly increase the activity of the large conductance K
channel (V,, = —50 mV), but it did increase the activity of a smaller conductance
inward-rectifying K channel (see next section). Therefore, although the large conduc-
tance Ca-activated K channel will hyperpolarize the macrophage when [Ca]; is
extremely high, it is not necessarily the primary channel involved in repetitive
hyperpolarization.

Inwardly Rectifying K Conductances

Whole-cell current. An inwardly rectifying potassium current that activates at voltages
negative to —60 mV was first described in mouse spleen and thioglycolate-induced
macrophages cultured for several weeks (Gallin, 1981; Gallin and Livengood, 1981).
This current is also present in cultured human peripheral blood monocytes (Gallin and
McKinney, 1988), and in the mouse-derived macrophage-like cell line J774.1, where it
has been characterized in some detail (Gallin and Sheehy, 1985; McKinney and
Gallin, 1988). Fig. 5 shows whole-cell records obtained under three different condi-
tions that illustrate the major properties of the inward current. Fig. 5 4 shows currents
recorded from a J774 cell bathed in normal Hanks’ solution. Inward currents activated
at potentials more negative than —70 mV and exhibited time-dependent inactivation
for steps more negative than — 120 mV. Fig. 5 B shows currents recorded from cells
bathed in a Hanks’ solution where all Na was replaced by K. Currents increased in size
and showed less time-dependent inactivation. As is true for the inward-rectifying
conductances of other tissues (Hagiwara and Takahashi, 1974; Leech and Stanfield,
1981), whole-cell conductance was proportional to the square root of external
potassium concentration (in 4.5 and 145 mM [K], the average conductance was 3.4 nS
vs. 24 nS, respectively). Gating was also dependent on [K],. Activation of the current
shifts to more positive potentials as [K], increases (Gallin and Sheehy, 1985). Note
that while time-dependent inactivation was reduced in Na-free media, it was not
completely eliminated. The same amount of inactivation was observed when Na in the
bath was replaced by N-methylglucamine (NMG) instead of K (Fig. 5 C), which
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Figure 5. (A) Digitized whole-cell records
from a J774 cell bathed in NaCl Hanks’
solution. Inward currents were recorded in
response to hyperpolarizing voltage steps to
the potentials shown in the figure. ¥, = —70
mV. (B) Whole-cell records from a cell
bathed in Hanks’ solution with all Na
replaced by K. Average resting V,, of cells
bathed in this solution was near 0 mV, so
V, = 0 mV. (C) Whole-cell records from a
cell bathed in Hanks’ solution with all Na
replaced by NMG. Average resting V,, of
cells in NMG Hanks’ solution was —76 mV.
¥, = —80mV. Records in 4 and B have been
corrected for leak and capacity current. Rec-
ords in C were not corrected; leak conduc-
tance was ~10% of total.

indicates that inactivation was not current dependent. Barium, a classic blocker of
inward-rectifying K currents (Hagiwara et al., 1978; Standen and Stanfield, 1978)
produced both concentration- and voltage-dependent inhibition of inward current

when applied to the bath (data not shown).

Single-channel current. Inward-rectifying single-channel current fluctuations
have been recorded in both human macrophages (Gallin and McKinney, 1988) and
J774 cells (McKinney and Gallin, 1988). Fig. 6 shows single-channel currents
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recorded in the cell-attached patch mode from a J774 cell. Single-channel current was
activated over the same voltage range as the macroscopic inward-rectifying current.
Inward single-channel currents increased in amplitude as the patch was hyperpolar-
ized, and did not reverse above Ey. Single-channel conductance in cell-attached
patches with 145 mM K in the patch electrode was 30 pS and was proportional to the
square root of [K}, (see Fig. 7, 4, 8, and C). £, was proportional to the log of {K},
with a slope of 63 mV per 10-fold change in [K], (Fig. 7 D). Absolute values of the
extrapolated £, are somewhat below the corresponding values of Ey across the patch
membrane, probably due to the fact that the channel rectifies near Ex. More accurate
E,., values obtained using ramp stimuli were very close to Ex. Inward single-channel
currents were blocked by the addition of barium to the external surface of the
membrane (McKinney and Gallin, 1988). Neither macroscopic nor single-channel
currents were affected by the replacement of external chloride by isethionate.

vVm (mV})
30 Figure 6. Cell-attached paich recording of
50 single-channel currents at various holding

potentials from a J774 cell bathed in Na
Hanks’ solution. V,, across the patch is given
as pipette potential (¥,) + resting V,, (ap-
proximately —70 mV). Dashed line repre-

70 = ey

A BV G o SARIY,, WY, PV, sents closed current level. Records were fil-
tered at S0 Hz (upper two traces) or 200 Hz
110 el T ™ st and digitized at >2x the filtering frequency.
Pipette contained K Hanks' solution consist-
130 hraderkhnrin s - ing of (in mM) 145 KCl, 10 NaCl, 1 MgCl,,
1.1 EGTA, 0.1 CaCl,, and 10 HEPES,
150 pgchmtemtitebbioms e ki ] et pH 7.3. Free Ca*’ in this solution was

<107* M.
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In Fig. 5, we show that inward-rectifying whole-cell currents inactivate at very
negative potentials, even in the absence of Na. Fig. 8 shows that inactivation is a
property of single-channel currents as well. In the cell-attached patch configuration,
we repetitively applied hyperpolarizing pulses to the membrane, and observed single-
channel activity that declined with time during the pulse. These traces were summed
and averaged, and produced a current record that showed clear evidence of inactiva-
tion.

Consistent with the above finding is the observation that the open state probabil-
ity of inward-rectifying channels is voltage dependent. Single-channel open probability
was measured in eight patches containing only one channel and from two patches
containing two channels. As the potential across the patch became more negative,
channel closures were longer (up to tens of seconds). Open probability declined from an
average of 0.87 at —40 mV t00.43 at — 120 mV.




Potassium Conductances in Macrophages

325

Vi =-150 mV

100 -

7 pS)

6 pA

100
K1, (mM}

1000

-200

75

145

200

Ergy MV}

-160

/“/g V_ (mV)
o a0 ™

-80 ,-40

10
of
10t Siope = 63 MV
decade
.20
-30
.40
-50
-6
) 100 1000
X1, InM)

Figure 7. (A) Single-channel records from two cell-attached patches with different {K] in the
pipette. Note subconductance level in the lower record. (B) Single-channel I-V relationships
from four cells, each bathed in Na Hanks’ solution, but with different [K] in the pipette; 75 (2),
145 (a), 200 (@), or 300 (0) mM. [NA] in the pipette was 75, 10, 10, and 10 mM, respectively.
(C) Log-log plot of single-channel conductance vs. [K],. Number of experiments at each [K] is
given adjacent to each point. Data were fit to the equation y (single-channel conductance) =
C[K]Z, where x was 0.56. Limiting conductance in 4.5 [K], was 4.1 pS. (D) Extrapolated E,., vs.
log [K],. fitted by a straight line with a slope of 63 mV per 10-fold change in [K], (McKinney

and Gallin, 1988).
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Thus far, we have shown that inward-rectifying whole-cell and single-channel
currents correspond in the following ways: (@) voltage dependence of activation is the
same, (b) each is K selective, (¢) whole-cell and single-channel conductances are
proportional to the square root of [K],, (d) each is blocked by similar concentrations of
barium, (e) each shows voltage-dependent inactivation in the absence of sodium. We
would like to conclude that the current through the 30-pS inward-rectifying channel
can fully account for the behavior of the macroscopic inward-rectifying current, and in
J774 cells, this may be the case. However, some recent observations made on human
macrophages make this conclusion less firm. Another inward-rectifying K current, of
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Figure 8. Single-channel records from a cell-attached patch elicited in response to repetitively
applied hyperpolarizing steps. Patches were held at —30 mV and stepped to —190 (A4) or - 150
mV (B). At the bottom of each group of sweeps is the averaged current record for that voltage,
comprising 40 or 48 sweeps applied at 5-s intervals. Leak and capacitative currents recorded in
response to eight equal and opposite sized steps were averaged and subtracted from each record.
J774 cell was bathed in Na Hanks’ solution. Pipette contained Na-free K Hanks' solution to
eliminate interference from Na (McKinney and Gallin, 1988).

slightly larger conductance, and possibly Ca activated, is present in human cells (see
next section on bursting inward-rectifying K channel) and may account for some of the
macroscopic inward current in these cells.

Expression and Functional Relevance., The only known function of the voltage-
dependent inward-rectifying K conductance in macrophages is to help set the resting
membrane potential of the cell near Ex. The resting membrane potential of adherent
J774 cells in normal Hanks' solution is approximately —75 mV, a value in the same
range as that obtained from measurements using the cationic lipophilic probe
triphenylmethylphosphonium (-85 mV) (Sung et al., 1985). The dependence of
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channel gating on [K], may be significant since the macrophage is present in sites of
dead and dying tissue, and may well be exposed to elevated {K],. A rise in [K], will
increase the conductance, yet preserve a steep I-V relationship so that the cells remain
sensitive to small current fluctuations.

The expression of inward-rectifying channels cells appears to be regulated; it is
present in only one-third of human macrophages, which consequently have a slightly
more negative resting membrane potential than cells that do not exhibit this conduc-
tance (— 56 vs. -42 mV: Gallin and McKinney, 1988). In J774 celis, inward currents
increase in size with time after adherence (Gallin and Sheehy, 1985), which may
account for part of the difference between the resting potential in the suspended state
vs. adherent state (— 14 mV vs. —85 mV: Sung et al., 1985). However, the appearance
of this conductance has not been correlated with the appearance of any specific
function in J774.1 cells. Its presence is not necessary for J774 cells to be able to carry
out chemotaxis or phagocytosis or to generate an oxidative burst; these functions still
occur in the presence of 2 mM barium (our unpublished results). The involvement of
the inward-rectifying channel in other macrophage functions, such as secretion or
target cell lysis, has not been tested. The inward-rectifying conductance is absent in
mouse peritoneal macrophages cultured for 4 d (Ypey and Clapham, 1984) but is
present in peritoneal macrophages cultured for longer periods (Gallin and Livengood,
1981; Randriamampita and Trautmann, 1987).

Bursting Inward K Channel

Single-channel current. Exposure of human macrophages to the calcium ionophore
ionomycin activates a second type of inwardly rectifying K channel (Gallin, 1988). Fig.
9 A shows current tracings from a cell-attached patch obtained from a human
macrophage before and after exposing the cell to 107¢ M ionomycin, which was locally
applied by pressure injection from a patch pipette. In the absence of ionomycin, only
one type of channel was evident, the ~30-pS inwardly rectifying channel described in
the preceding section. After exposure to ionomycin, a second type of inward current
appeared that was slightly larger in amplitude and showed bursting behavior. The
current showed inward rectification; outward currents of similar amplitude were not
observed when the patch was depolarized. At very positive potentials (+ 130 mV),
small outward current fluctuations (~0.5 nAmp) were present which may have been
due to outward current through this channel. lonomycin induced this channel in 9 of 10
cells tested.

Fig. 9 B shows the I-V curves of both the larger bursting and the smaller inward-
rectifying channels obtained in the presence of ionomycin. Conductances were 28 pS
and 36 pS, respectively. The reversal potentials of the two channels were similar
(Vyipewe = 49 and 54 mV). Assuming that the resting V,, was 50 mV, the potential
across the patch was actually near zero, since Vy, = Vg + resting V,,. Since Ey was
also near 0 mV, these data indicate that this channel is primarily K selective. Removal
of Cl from that patch pipette had no effect on conductance or E,. We conclude that
the 36-pS inward-rectifying K channel is distinct from the 30-pS inward-rectifying
channel, since it has a different conductance, shows bursting kinetics and is found in
patches with or without the 30-pS channel.

A similar conductance channel recently has been described in human macro-
phages (McCann et al., 1987) and mouse peritoneal macrophages (Somogyi et al., in
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press) in the absence of ionomycin. The channel in mouse peritoneal cells showed
inward rectification. However, McCann et al. (1987) report that the 36-pS channel in
human macrophages did not rectify. We occasionally saw activity of the 36-pS channel
in patches from cells not exposed to ionomycin but in our studies the channel always
rectified. In these instances, channel activity was present immediately after obtaining a
tight seal, and then frequently subsided. Unlike the large conductance Ca-activated K
channel, this channel appears to be present in human monocytes that have been
cultured for as little as 1 d. We are currently characterizing its calcium and voltage
sensitivities and its pharmacology. We speculate that this channel, and not the large
conductance Ca-activated K channel, is responsible for the repetitive membrane
hyperpolarizations previously described, since (a) the bursting pattern of this channel
is similar to the pattern of the spontaneous hyperpolarizations, and (b) ionomycin
induces both channel activity and membrane hyperpolarizations (Gallin et al., 1975).
A similar Ca-activated inward-rectifying K channel of slightly larger conductance (50
pSin 200 mM [K],) has recently been described in HeLa cells (Sauve et al., 1986). In
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these cells the addition of histamine, which increases [Ca);, initiates oscillatory
single-channel activity and membrane hyperpolarization (Sauve et al., 1987).

Outwardly Rectifying K Conductance

An outwardly rectifying K conductance has been described at the whole-cell current
level in resident mouse peritoneal macrophages (Ypey and Claphan, 1984), cultured
human monocytes (Nelson et al., 1986), and two macrophage cell lines, J774.1 (Gallin
and Sheehy, 1985) and P388DI1 (Sheridan and Bayer, 1986). This conductance
activates at potentials positive to — 50 mV, inactivates over a time course of seconds,
and is blocked by 4-aminopyridine (Ypey and Clapham, 1984; Gallin and Sheehy,
1985). As is the case with the smaller inwardly rectifying K conductance, it appears to
be variably expressed with time in culture. Ypey and Clapham (1984), using resident
mouse peritoneal macrophages, reported that this conductance was absent during the
first day after isolation but was present in 96% of the cells cultured for 1-4 d. It was not
found in long-term (2--6 wk) cultured mouse peritoneal (Gallin and Livengood, 1981)
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and spleen macrophages (Gallin, 1981). These findings have recently been confirmed
by Randriamampita and Trautmann (1987) who report that in mouse peritoneal
macrophages this conductance decreases with time in culture. In J774 cells, outward
current is present 1-8 h after adherence, and is not present in long-term adherent
cultures where the inward-rectifying K current is predominant (Gallin and Sheehy,
1985). The current appears to be continuously present in the mouse-derived cell line
P388D1 (Sheridan and Bayer, 1986). An example of outward currents recorded from
J774 cells is shown in Fig. 10.

The functional relevance of the outwardly rectifying K channel in the macro-
phage has not yet been determined. Similar currents have been described in detail in T
lymphocytes (Cahalan et al., 1985). In T lymphocytes and natural killer cells, agents
that block this current inhibit mitogenesis and cytotoxicity, respectively, which implies
that it plays at least a permissive role in these processes (Chandy et al., 1984; Deutsch
et al., 1986). Nelson et al. (1986) have reported that this conductance is inhibited by
phorbol myristate acetate (PMA) in cultured human monocytes.

125 pA

bt 290 ms Figure 10. Digitized whole-cell records from a

e J774 cell plated for ~6 h and bathed in Na
Hanks’ solution. V, = resting V,, = —66 mV.
Depolarizing steps were applied in 10-mV incre-
ments from —60 to0 mV.

Conclusion

To date, four different K conductances have been described in macrophages. They
include a Ca-activated K conductance described at both the whole-cell and single-
channel level in human macrophages that is not present in freshly isolated monocytes
but is expressed during the first week in tissue culture. The absence of this conductance
in monocytes implies that it is not required for phagocytosis, chemotaxis, or other
functions of the immature macrophage. A second K conductance, described at both the
whole-cell and single-channel level, is a voltage-dependent inward-rectifying K
conductance that is present in a variety of macrophages, including cultured human
peripheral blood monocytes, cultured mouse splecn and peritoneal macrophages, and
J774 cells. It is important in setting the resting membrane potential of the cell, and in
J774 cells is not necessary for chemotaxis or phagocytosis to occur. In addition to these
two well-characterized K conductances. there are two other K conductances that have
only been partially characterized. These are a second inward-rectifying K channel that
may be activated by internal calcium, and an inactivating outward K current similar to
that described in the T cell.
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GUNTER-SMITH, PAMELA J. Apical membrane potassium con-
ductance in guinea pig gallbladder epithelial cells. Am. J. Physiol.
255 {Cell Physiol. 24): C808-C815, 1988.—The fractional re-
sistance of the apical membrane (fg.) of guinea pig gallbladder
epithelial cells was observed to vary with changes in apical
membrane potential (V,). Depolarizing V. from a base-line
potential of —60 to —30 mV decreased fr. from 0.79+0.03 to
0.59+0.05. A comparable hyperpolarization had no effect on
fra. The potassium channel blocker tetraethylammonium
(TEA) inhibited the changes in fr, induced by voltage when
added to the mucosal but not when added to the serosal solu-
tion. Mucosal addition of Ba®* and decreased pH also inhibited
changes in fr., whereas quinidine and 4-amino-pyridine did not.
These results indicate that an increase in the K* conductance
of the apical membrane is responsible for changes in fg, with
membrane depolarization. The current-voltage relation of this
TEA-sensitive pathway was determined from differences in
transepithelial current in the presence and absence of maxi-
mally effective concentrations of TEA and analyzed with re-
spect to the Goldman constant-field equation. Computer-gen-
erated, best-fit analysis to the data indicated that they cannot
be easily reconciled with K* movement through a voltage-
independent pathway or channel. Taken together, the results
suggest that activation of a voltage-dependent K* conductance
in the apical membrane is responsible for changes in fr, with
V.. This conductance also appears to be Ca’*-sensitive as
ionomycin caused a shift in the relation between V, and fg..

voltage; fractional resistance; apical membrane potential

WITH THE APPLICATION of electrophysiological and
patch-clamp techniques to the study of ion transport by
epithelial cells, evidence generated by numerous labora-
tories indicates that conductive ion movements across
the individual cell membranes of these cells occur
through ion channels similar to those extensively studied
in excitable cell membranes (for recent reviews see Refs.
31 and 32). Although a major role for intracellular me-
diators such as Ca?*, pH, and cyclic nucleotides has been
given in the regulation of these channels in epithelia,
more recently, the importance of membrane voltage in
the regulation of ion channels in these nonexcitable
tissues has become recognized. For example, voltage-
dependent anion conductances have been reported in
toad skin (18), rabbit proximal tubule (10), dogfish rectal
gland (12), and MDCK cells (19); and K* conductances
have been reported in choroid plexus (3), medullary thick
ascending limb cells (13), cortical collecting tubule (5, 9,
17, 25), toad urinary bladder (24), MDCK cells (1),
Necturus (7) and Triturus gallbladders (23), and cultured
renal cells (20). These voltage-dependent K* channels
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are also regulated by intracellular mediators such as Ca®*.
Furthermore, several distinct subsets of channels with
respect to single channel conductance, pharmacology,
and mode of regulation often reside in the same mem-
brane (8, 12, 13) making individual contributions to the
overall permeability of the membrane for a given ion.
Although in most cases the exact physiological functions
of these various channels are not known, channels in
epithelia are thought to be important in maintaining the
normal membrane potential of the cell, the vectorial
transport of ions across the epithelial cell layer, and the
regulation of cell volume.

In this study, I report on the apical membrane K*
conductance and its regulation in guinea pig gallbladder
epithelial cells. Evidence will be presented indicating
that this conductance is regulated by both voltage and
Ca?*. Additionally, I will present evidence that the pop-
ulation of channels comprising the apical membrane K*
conductance are distinct from those comprising that of
the basolateral membrane. [Sections of these results have
appeared previously in abstract form (14).]

METHODS

Animals and solutions. Male Hartley guinea pigs (300-
800 g) used in these experiments were screened for evi-
dence of disease before use. They were housed in groups
in stainless steel cages, maintained in rooms at 21°C,
50% rh, 12-h light-dark cycle (no twilight), and allowed
access to commercial chow and tap water ad libitum.
Gallbladders were removed after death of the animais by
halothane inhalation followed by cervical dislocation.
The bladders were stripped of their underlying muscu-
lature by blunt dissection and mounted in a chamber
having a diameter of 0.13 cm® Both mucosal and serosal
surfaces were continuously superfused by Ringer solution
from reserviors by gravity feed. Standard Ringer solution
contained (in mM) 130 Na*, 108 CI-, 5 K*, 1.0 Ca®*, 1.0
Mg?*, 35 N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid (HEPES), and 10 glucose (pH 7.4) and gassed
with 100% O,. Bath pH was decreased by replacement
of HEPES with Na,HPO,-NaH,PO,. Bath K* was in-
creased by equimolar replacement of N-methyl-D-gluca-
mine (NMDG). In these experiments, 50 mM NaCl was
initially replaced by an equivalent amount of NMDGCI.

Tetraethylammonium chloride (TEA) and BaCl; were
added by equimolar substitution of NaCl. All other drugs
were added directly to normal Ringer except ionomycin,
which was initially dissolved in dimethyl sulfoxide
(DMSO). Unless indicated differently, changes from and
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additions to the standard Ringer were made to the mu-
cosal bath alone. Experiments were performed at 37°C.

Electrical measurements. The transepithelial potential
with respect to the mucosal bath (V,) was monitored by
means of calomel cells in contact with the bathing solu-
tion via Ringer-agar bridges. Transepithelial current (/)
was passed by means of an automatic voltage-clamp
device (Physiologic Instruments, Houston, TX) and Ag-
AgCl electrodes. Tissues were normally maintained un-
der short-circuit conditions except for brief periods (300
ms) during which they were clamped to +10 mV to
measure transepithelial resistance (R.). The intracellular
potential across the apical membrane (V,) was measured
by 0.5 M KCl-filled microelectrodes having a resistance
of 80-100 MQ. The intracellular potential across the
basolateral membrane V,, was calculated from V, = V, +
V4. Values of V, and V), are reported with respect to their
respective bathing solutions. The fractional resistance of
the apical membrane (fi,) was calculated from the ratio
of the deflections produced in V, and V, by the bipolar
voltage pulses.

Changes in V, with V, were determined from two
protocols. In the first (protocol 1), V, was stepped in 10-
mV increments to increasingly more positive or negative
potentials with a duration of 2 s until V, = £100 mV;
~40 s were required to complete the sequence. fr, was
calculated from AV,/AV, produced by 200 ms bipolar
deflections of 10 mV superimposed on the clamping step.
In the second protocol (protocol 2), V., was stepped from
0 to a positive potential for 100 ms, back to 0 for 200 ms,
then to a negative potential for 100 ms. The value of the
clamp potential in either direction was increased by 10
mV untilV, = £100 mV. fg, was calculated from AV,/
AV.. All clamping sequences were under computer con-
trol (INDEC Systems, Sunnyvale, CA) as were data
collection and analysis. Deflections in V, andV, during
the clamping sequences were measured 25-50 ms after
initiation of the pulse and averaged over a 20-ms interval.
As will be shown later, any existing voltage transients
were over by this time. For calculation of transmembrane
current (), outward current is considered positive.

Statistics. Significant differences between means were
determined by the Student’s ¢ test for paired or unpaired
observations. Unless indicated otherwise, n refers to the
number of tissues studied.

RESULTS

Effect of high K*. The effect of increasing mucosal
bath K* (5-50 mM) on V, and fg, is shown in Fig 1. In
three such experiments (10 cells), V, and fr. averaged
60.8 + 2.3 mV and 0.82 + 0.03, respectively. V, depolar-
ized (AV, = 11.9 + 1.9) when mucosal K* was increased
as predicted for a K*-selective membrane. In most cells,
fra also decreased (Afg, = 0.05 + 0.01, n = 7), whereas in
others (n = 3), there was no change.! TEA (15 mM),

'Because changes in fg, were small, it is reasonable to suspect that
sometimes changes were within the noise of the measuring system,
perhaps accounting for the ohservation that in some cells no change
was observed. It is not clear why the magnitud: »f changes in fr, with
K. elevation is so small. However, considering the magnitude of de-
polarization (~11 mV), it may reflect a small partial conductance of
the membrane to K* under hasal conditions. A similar conclusion was
reached by Cremaschi et al. (4) who in addition demonstrated Na* and
Cl” conductances in the apical membrane of this tissue.
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which has previously been shown to block K* channels
in a variety of tissues (22, 31, 32), inhibited the high K*
depolarization and concomitant change in fr, but had
little effect on initial V, or fg..

Effect of voltage. Also shown in Fig. 1 is the effect of
clamping the V, from zero to more serosa-positive poten-
tials on V,. Not only does V, depolarize but fr, decreases
as well. Although TEA did not block the depolarization
induced by clampingV,, it did block the accompanying
change in fr.. TEA was ineffective when added to the
serosal solution and, further, had no effect on high-K*
depolarizations of the basolateral membrane induced by
elevating serosal bath K* (data not shown).

The effect of transepithelial voltage on membrane
potential of one of these cells is shown in more detail in
Fig. 2 in which protocol 1 was used. IncreasingV, depo-
larized V, linearly until V, reached aprroximately —30
mV. Basolateral membrane potential (V) hyperpolarized
in a similar fashion. The magnitude of the change in V,
is clearly larger than that in V;. This is expected because
fra is ~0.8 in these cells, indicating that the apical mem-
brane resistance accounts for 80% of the total cellular
resistance with the basolateral membrane comprising
only 20%. At V, more depolarized than —30 mV, the
relation between V,, V,, andV, becomes distinctly cur-
vilinear and a greater percent change inV, is observed
than in V,. In the presence of TEA, however, the relation
between V., V,, andV, remains linear throughout the
range of voltages used in the study.

Figure 3 shows the relation between V, (varied by
clamping V.) and fgr. determined for the same cell in Fig.
2. As was observed for the relation between V, andV,,
depolarizing V, below —30 mV drastically changes the
relation such that depolarization beyond this voltage
causes a progressive decrease in fr,. The potential (—30
mV) at which changes in fr. were observed was surpris-
ingly constant from tissue to tissue. In a few cases,
however, changes in fr. occurred at higher (—50 mV) or
lower (—20 mV) potentials. In contrast to depolarizing
pulses, hyperpolarization of V, generally had little effect
on fra. In experiments in which hyperpolarization was
effective (3 of 14), fra increased rather than decreased.

Despite the magnitude of the changes in V, and fra
discussed above, clamping V, had little effect on R, (Fig.
4). Clamping V, to £100 mV changed R, by 7.1 + 1.9%
(n = 14). Further, the addition of TEA altered R, by only
6.0 £ 2.6% (n = 6).

The time course of changes in V, on clamping V, is
shown in greater detail with the oscilloscope traces in
Fig. 5 of a cell in which clamping protocol 2 was used.
Hyperpolarizing pulses resulted in equal increments in
V.. As shown above, depolarizing V, beyond -30 mV,
however, resulted in an obvious departure from linearity
and an increase in the time required to reach a steady
state (~25 ms). In the presence of TEA, hyperpolarizing
and depolarizing pulses are symmetrical. The relations
between V, and fr., and V, and V, obtained using this
clamping protocol (data not shown) are similar to that
obtained using protocol 1 (Figs. 2 and 3) in that changes
in fr. were observed at V, more depolarized than —30
mV. However, the absolute value of fgr, obtained for a
particular value of V, differed from that obtained from
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FIG. 1. Effect of increasing mucosal K* (K.) and V, on V, and fs, in presence and absence of TEA (15 mM). K.

was increased from 5 to 50 mM. See text for definitions.
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FIG. 2. Effect of clampingV, on V, and V, in the absence and
presence of TEA. Representative data obtained from a single impale-
ment using protocol 1. See text for definitions.

protocol 1. This is expected because protocol 2 calculates
fra from large changes in V, (£100 mV) over regions in
which the relation is not linear. Thus fr, calculated using
protocol 1 (i.e., 10 mV deflections superimposed on the
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F1G. 3. Relation between V, and fa. in absence and presence of
TEA. Data from same impalement used in Fig. 2. See text for defini-
tions.
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FIG. 4. Effect of clamping V. on R, in absence and presence of TEA.
R, was calculated as described in METHODS. Data are from same
experiment as in Figs. 2 and 3. See text for definitions.

clamping step) more accurately méiscts changes in rela-
tive membrane resistances with changes in membrane
voltage.

Effect of K* channel blockers. Because changes in frs
with V, were inhibited by the K* channel blocker, TEA,
the ability of several other K* channel blockers to inhibit
these changes was assessed to gain more information
concerning the type of pathway responsible for the de-
cline in fra with voltage. Those tested included Ba?*,
reduced pH, 4-amino-pyridine (4-AP), and quinidine. Of
these, Ba** (5 mM) and reduced pH (<5) affected the
relation between V, and fr. (Fig. 6). In both cases, the
relation was shifted such that substantially greater de-
polarization was required to induce changes in fr., con-
sistent with voltage dependence of the inhibition. Unlike
TEA, Ba®* and pH also decreased basal V, and increased
fra indicative of a decrease in basal K* conductance of
the membrane (data not shown).

Control TEA

Depolarizing

L

FIG. 5. Oscilloscope tracings of changes in V, withV, using clamping
protocol 2 before (left) and after (right) TEA. Results for both depolar-
izing and hyperpolarizing pulses are shown for a single impalement.
Scale indicates 20 mV and 100 ms. See text for definitions.

Hyperpolarizing
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FIG. 7. Effect of ionomycin on the relation between V, and fg,. Data
are from a single tissue for three cells impaled before and 3 cells
impaled after the addition of ionomycin. See text for definitions.

Effect of Ca** ionophore. The presence of 10~ M ion-
omycin in the mucosal bath significantly altered the
relation between V, and fr,. As shown for the experiment
in Fig. 7, changes in fr, occurred at more hyperpolarized
potentials in the presence of the ionophore. In three
experiments, depolarizing V, to —30 mV decreased f, to
83 + 5%, whereas in the presence of ionophore depolar-
ization to the same potential decreased fra to 69 £ 2% of
its initial value. Changes in fg, with V, in the presence
of ionomycin were also inhibited by mucosal TEA (data
not shown).

Current-voltage relation of TEA-sensitive pathway. Of
the K*-channel blockers evaluated in this study, the most
effective blocker of voltage induced changes in fr, was
TEA. Assuming that TEA completely blocks the conduc-
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FIG. 8. Dose-response relation for TEA inhibition of changes in fra
with voltage. %Inhibition of fr. change for each dose was determined
for V, = —20 mV. Each point represents mean for at least 4 tissues.
See text for definitions.

tive pathway responsible for the changes in fr, without
affecting other pathways, maximally effective concentra-
tions of TEA can be used to evaluate the current-voltage
(I-V) relation of this pathway as done previously by
Thompson et al. (30) for the amiloride-sensitive pathway
in rabbit colon provided that current through this path-
way is not negligible with respect to paracellular current
flow. The dose-response relation shown in Fig. 8 dem-
onstrates that at concentrations exceeding 10 mM, TEA
is virtually 100% effective in preventing changes in fr.
over the range of voltages studied. Furthermore, as
shown in Fig. 9 (V, vs. I,), I, was substantially different
in the presence and absence of 15 mM TEA. Thus
subtraction of the two curves in Fig. 9 gives the current
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FIG. 9. V, vs. current required to clamp V, (l,) before and after
TEA. Data are from same impalement as that in Figs. 2-4 (protocol 1).
Identical results were obtained from protocol 2. See text for definitions.

through the TEA-sensitive pathway. The resulting I-V
relation is shown in Fig. 10 where I1ga is the current
through this pathway at a given V,. This relation closely
approximates that of the TEA-sensitive current across
the apical membrane assuming that driving forces for
TEA-insensitive pathways at this membrane are not
affected by the inhibitor.

Because this current is blocked by Ba®* and low-
mucosal pH in addition to TEA, the most likely ionic
species carrying this current is K*. Therefore, the data
shown in Fig. 10 were fit to the Goldman constant-field
equation for voltage-independent K* movement across
the apical membrane

[Kw — K. exp (V.F/RT)]

1 - exp(V.F/RT)
where Ik is the K* current across the membrane, Py is
50

Ix = V., Px F*/RT

40.

® /rea
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Pk = 1.8 x 10 "cm:sec
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F1G. 10. [-V relation of TEA-sensitive pathway calculated from
subtraction of two curves shown in Fig. 9. Curve is computer-generated
best fit of data to Goldman constant-field equation giving values for
Py and K. shown. See text for definitions.
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the K* permeability, K. and K, are the intracellular and
mucosal bath K* activities, respectively, and RT and F
have their usual meanings. Initial values of K. were
selected from measurements made in this tissue by Cre-
maschi et al. (4). Because Px has not been measured,
initial values of Px were based on that determined by
Reuss et al. (28) for Necturus gallbladder.? Clearly the
computer-generated, best-fit curve shown in Fig. 10 does
not adequately describe the relation between Itga and
V.. Similar results were obtained from the analysis of
the I-V relations of five additional cells from three tissues
regardless of the clamping protocol used. The implica-
tions of these data with respect to this curve will be
discussed below.

DISCUSSION

Interpretation of data. The results of this study indicate
that a voltage-dependent K* conductance resides in the
apical membrane of guinea gallbladder epithelial cells.
This is supported by the observations that I) depolari-
zation of the apical membrane is accompanied by a
decrease in the fractional resistance of the apical mem-
brane, 2) the change in fractional resistance can be
inhibited by classical K*-channel blockers BaZ*, TEA,
and pH, 3) TEA has no effect when applied from the
basolateral side, and 4) the I-V relation of the TEA-
sensitive pathway cannot be fit by the Goldman con-
stant-field equation.

There are several issues central to this interpretation
that must be addressed. First, does the fractional resist-
ance reflect changes in cellular membrane resistance
rather than paracellular resistance? As discussed by
Boulpaep and Sackin (2), changes in fractional resistance
may reflect differences in the relative values of junctional
and lateral intercellular space resistances rather than
cellular resistances. Although this issue was not directly
addressed in this study, several lines of evidence support
a cellular origin of changes in fractional resistance.
Clamping the transepithelial potential to positive or
negative values had little effect on transepithelial resist-
ance. In a leaky tissue such as this, the transepithelial
resistance mainly reflects the resistance of the paracel-
lular pathway. In addition, although TEA blocked
changes in fr, observed with clamping, it had little effect
on transepithelial resistance. Finally, changes in fr, were
blocked by classical inhibitors of membrane K* conduct-
ances, TEA and Ba?*. Thus the changes in fr, observed
in this study most likely have a cellular rather than a
paracellular origin. A similar conclusion was reached for
changes in fr, with voltage in Necturus gallbladder by
Garcia-Diaz et al. (7). However, because in Necturus
gallbladder voltage clamping changed transepithelial re-
sistance by 50%, these investigators used La®* to block

’In the analysis of Na conductance in rabbit colon (30), the -V
relation was analyzed for conformity to the Goldman constant-field
equation using values of permeability and intracellular ion activity
from fit of the equation to 7 when V, = E, (the reversal potential or
zero current) and V, = 0. This approach was not used in the present
study as V, at which the TEA-sensitive current reversed was not clear.
The data suggest that this conductance is essentially zero around the
negative potentials at which Ix is expected to reverse in these cells
(~=75 mV) and thus current is negligible at hyperpolarized potentials
and within the noise of the measurement.
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changes in transepithelial resistance with clamping, yet
still observed changes in fractional resistance.

Second, does the relation between fg, and V, reflect a
voltage-dependent conductance change or Goldman rec-
tification through a voltage-independent pathway? To
answer this question, the I-V relation of the TEA-sen-
sitive pathway was analyzed for fit to the Goldman
constant-field equation for voltage-independent K*
movement across the apical membrane. /-V relations
were determined from differences in transepithelial cur-
rent in the presence and absence of the inhibitor, TEA.
As discussed by Lapointe et al. (21), this approach is
generally not applicable to the study of ion transport
across “leaky” epithelia. The preponderance of transep-
ithelial current flow through paracellular rather than
cellular pathways can preclude the determination of
transcellular current flow. However, fortuitously, this
does not appear the case for the TEA-sensitive pathway
in guinea pig gallbladder. Although it was difficult to
reliably determine A/, at hyperpolarized potentials, the
reduction of I, by TEA was substantial within the range
of voltages at which the TEA-sensitive conductance ap-
pears activated (< —30 mV). At very depolarized values
of V,, in some cases, TEA reduced I, by ~80 uA/cm?
Thus, although there may be some uncertainty at hyper-
polarized regions of the I-V curve, this is not the case
for that portion of the curve of particular interest.

Central to the anal-sis of these I-V relations are the
criteria that 1) TEA affects only a transcellular pathway,
2) the [-V relation is instantaneous with respect to
changes in ionic composition, and 3) that other conduc-
tive pathways are not affected by the inhibitor. All of
these criteria were met in the study. As noted earlier,
TEA predominantly affects the transcellular pathway.
Neither voltage nor TEA had much effect on transepi-
thelial resistance with changes in transepithelial resist-
ance being < 10%. The error introduced in the analysis
by this change is small. In addition, TEA has previously
been shown to block membrane K* conductances in other
epithelia with little effect on paracellular transport (7,
11).

The I-V relations were obtained under conditions that
appeared to be instantaneous with respect to changes in
intracellular composition. One of the clamping protocols
used was essentially identical to that employed by
Thompson et al. (30) in which the sequence is bipolar
{(in protocol 2, the potential was rapidly clamped to alter-
nately a positive or negative voltage from 0). Such a
sequence would not be expected to cause shifts in intra-
cellular comnosition. Although the other protocol em-
ployed was unipolar (in protocol 1, the clamping voltage
became progressively positive or negative without return-
ing to 0) and more prone to produce changes in intracel-
lular composition, the results obtained were essentially
identical, perhaps due to the rapidity with which the
clamping sequence was accomplished. The -V relation,
however, was not instantaneous with respect to changes
in membrane volitage. Depolarizing the apical membrane
beyond —30 mV produced a progressive increase in the
time required for a steady-state voltage to be reached
(~25 ms). Similar changes were observed previously for
Necturus gallbladder under current clamp by Reuss and
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Finn (27) and voltage-clamp conditions by Garcia-Diaz
et al. (7). Reuss and Finn (27) suggested that these
changes were related to polarization effects at the mem-
brane (changes in ionic composition in extracellular com-
partments). Such an explanation would bring into ques-
tion the appropriateness of the data analysis presented
here. However, as discussed by Garcia-Diaz et al. (7) and
Garcia-Diaz and Essig (6) for Necturus gallbladder and
more recently for Necturus small intestine by Lapointe
et al. (21), the voltage transients observed here are more
likely capacitative (charging of linear RC elements). The
apparent increase in the time constant results from the
voltage-dependent decline of the apical membrane re-
sistance and a subsequent decrease in the ratio of apical
to basolateral membrane time constants. This does not
adversely affect the interpretation of the data provided
that values of V, and fr. are taken after the transients,
as was the case.

It is also unlikely that the addition of TEA affects
conductive pathways other than that of the apical mem-
brane K* conductance. TEA only blocked the conduct-
ance associated with depolarization. The inhibitor had
no effect on basal membrane potential and little effect
on fr.. Thus driving forces for other ion flows should be
unchanged and the I- V relation of the transcellular TEA-
sensitive pathway approximate that of the apical mem-
brane without requiring corrections employed by others
(30).

Thus because the I-V relation of the TEA-sensitive
pathway met the necessary criteria described above,
analysis of this relation with respect to the Goldman
constant-field equation is appropriate. Using reasonable
values for apical membrane potassium permeability and
intracellular potassium activity , the TEA-sensitive cur-
rent could not be fit by this equation. This was particu-
larly evident for the dramatic increases in current ob-
served at V, corresponding to values at which fr, was
noted to decrease. Thus the changes in current and fg,
observed with voltage are consistent with activation of a
voltage-dependent K* conductance. Garcia-Diaz et al.
(7) reached a similar conclusion for Necturus gallbladder,
however, these investigators did not analyze the I-V
relations of this pathway.

Nature of voltage-dependent K* conductance and its
relation to those in other epithelia. To gain additional
information concerning the nature of the pathway re-
sponsible for the voltage dependence of the apical mem-
brane conductance, two series of experiments were per-
formed. First, the efficacy of several K*-channel blockers
that have been shown to block different types of K*
channels (22) was assessed. In addition to TEA, both
Ba”* and decreased pH (5.0) blocked changes in frac-
tional resistance with voltage. Quinidine and 4-AP had
no effect on the voltage-dependent conductance. Ba?*
and pH also had effects on basal potential and fractional
resistance consistent with blocking basal K* conduct-
ance, whereas TEA, quinidine, and 4-AP did not. Thus
TEA appears to specifically block the voltage-dependent
K* conductance with little effect on the K* conductance
comprising the basal K* conductance of the membrane,
whereas Ba** and pH have effects on both. This raises
the possibility that at least two different types or states
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of K* conductance reside in the apical membrane.

In a second series of experiments, the effect of the
Ca** ionophore, ionomycin, was determined. A shift in
the voltage dependence was observed such that changes
in fractional resistance occurred at more hyperpolarized
potentials. Thus the voltage-dependent conductance also
appears to be calcium sensitive.

This conductance was localized to the apical mem-
brane. There was no effect of TEA when applied from
the serosal side. In a previous study (15), serosal Ba®*
and quinidine were observed to inhibit basolateral mem-
brane K* conductance as was also observed for turtle
colon (8, 29). These pharmacological differences suggest
that the individual conductances contributing to the K*
conductance of the serosal membrane are distinct from
those of the apical membrane.

Given the pharmacology of the voltage-dependent con-
ductance reported in the present study, the membrane
voltage at which the conductance appears activated (—30
mV) and its calcium sensitivity the data suggest that
activation of channels generally referred to as “maxi-
K*” channels underlie the observed changes in fractional
resistance with membrane voltage. Although this awaits
confirmation, these channels have been observed in the
cell membranes of several other epithelia (3, 19, 22)
including the apical membrane of Triturus gallbladder
(23). It is distinctly different from that described recently
by Palmer (24) for the apical membrane of toad urinary
bladder that is blocked by Ba’*, pH and quinidine, but
not TEA, and activated at V, exceeding 50 mV.

The physiological significance of a voltage-dependent
K* conductance in the apical membrane of guinea pig
gallbladder epithelial cells is presently unclear. The lack
of an effect of TEA on basal V, and fr., or membrane
hyperpolarization on fr, suggest that in contrast to Nec-
turus gallbladder (7), this conductance does not generally
contribute to the basal K* conductance of these cells.
The voltage sensitivity of the conductance indicated by
this study, however, suggests that it would become sig-
nificant at membrane potentials less than —30mV. Ac-
tivation of such a conductance would partially repolarize
the membrane, reestablishing the membrane potential
and the driving force for various ion movements. Al-
though it is unlikely that the apical membrane would be
depolarized to this potential under physiological condi-
tions, in the presence of increased intracellular Ca** the
conductance would be activated at more hyperpolarized
potentials. Guinea pig gallbladder secretes fluid and elec-
trolytes in the presence of secretagogues such as prosta-
glandin (16). HCO; secretion has been observed to be
accompanied by K* secretion. Although the electrophys-
iological response of this tissue to secretagogues has not
been studied, the notion that the voltage-dependent con-
ductance is involved in this secretory response is attrac-
tive. Along these lines, in preliminary experiments, TEA
was observed to increase the short-circuit current elicited
by prostaglandin in guinea pig gallbladder (unpublished
data). Basolateral membrane Ca**-activated, voltage-de-
pendent K* channels have been observed to be involved
in the secretory response of several secretory epithelia
including lacrimal, pancreatic, and salivary glands (see
Ref. 26). Determination of the role of similar channels
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in the apical membrane of epithelial cells, however, has
been more elusive (5).

In summary, the present study reveals a voltage-de-
pendent K* conductance in the apical membrane of
guinea pig gallbladder epithelial cells. In addition, the
conductance appears to be activated by Ca®*. Future
studies on the mode of regulation of this conductance by
voltage and Ca** with respect to its physiological role
should yield valuable information concerning the regu-
lation of transport processes in epithelial cells.

NOTE ADDED IN PROOF

Stoddard and Reuss (29a) have very recently reevaluated
apical membrane potential and fractional resistance in Nectu-
rus gallbladder under current clamp conditions. They also
conclude that the results (which are qualitatively similar to
those reported here) reflect a voltage-sensitive K conductance
in the apical membrane.
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ABSTRACT

Several recent investigations have reported that 16,16-dimethyl prostaglandin E2
(DiPGE-2) can protect murine intestinal epithelial cells and hematopoietic stem cells
(CFU-S) in vivo from ionizing radiation. It has been postulated that PGE2 may
also increase radiation resistance in vitro by stimulating free radical scavenging
or repair systems for oxidative damage. This study reports on the effect of PGE2
in modifying radiation sensitivity in an in vitro mammalian cell line.

Chinese hamster V79A03 cells were cultured as monolayers in 6 ml of a-MEM
medium supplemented with Earle's salts, 25 mM HEPES buffer, and 10% fetal
bovine serum. Exponentially growing cells were incubated in medium containing
14 uM (5 ug/ ml) PGE-: for either 2 hr (acute) or >3 weeks (chronic) before exposure
to graded doses of 250 kVp X rays. Cells were assayed for variations in intraceliular
levels of cyclic 3',5'-adenosine monophosphate (cAMP), total protein, and
glutathione (GSH), and radiation sensitivity was measured by cell survival before
and after PGE; treatment.

An acute (2-hr) exposure induced a 25% increase in cAMP content with no
significant change in intracellular GSH or protein and no effect on cell survival
after exposure to radiation. Chronic exposure to PGE2 increased intracellular GSH,
protein, and cAMP levels by 82%, 3%, and 74%, respectively. However, no increase
in radiation resistance was apparent following chronic exposure to PGE2. Chronic
PGE2 exposures marginally increased the doubling time of the cells (10 versus 11
hr), although this perturbation was insufficient to alter radioresponse as a result
of cell cycle perturbations. Consequently, the increase in the in vivo radiation response
associated with PGE2 treatment may not be the result of an intracellular response.
Instead, the increased radiation resistance observed in vivo may be due to modifica-
tions such as localized tissue or crgan system hypoxia.
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INTRODUCTION

Prostaglandins are synthesized from arachidonic acid by most vertebrate tissues
and certain invertebrate tissues. These prostaglandins modulate a number of humoral
functions and possess a number of pharmacological actions whose physiological
significance is only recently being deduced (for reviews, sec references | and 2).
Prostaglandin E, stimulates adenyl cyclase activity in a number of fibroblastic tissues,
resulting in elevated cAMP levels (3-6). These increases can occur within 10 min
of prostaglandin administration, and they remain elevated for up to 5 hr (4).
Prostaglandin E, also is an effective radioprotective agent for cells irradiated in
vitro (6,7). Prostaglandin E,, when administered before irradiation, can stimulate
a four- to fivefold increase in cAMP levels and decrease radiation sensitivity by
increasing the shoulder of the radiation survival curve (7). Furthermore, Hanson
et al. have demonstrated that a prostaglandin E2 analogue, DiPGE:, can also
radioprotect murine intestinal epithelial cells (8,9) and hematopoietic stem cells
(CFU-S) in vivo (9) by increasing the shoulder and decreasing the slope of the
radiation survival curve if the analogue is injected before and not after irradiation.

The PGE-stimulated increase in adenyl cyclase and cAMP might be responsible
for the decrease in mammalian cell radiosensitivity (6). Increased glutathione
synthesis, which is coupled to the gamma-glutamyl amino acid transport system
and whose biosynthesis is ATP dependent (10), may also contribute to the increased
radioprotection observed in vivo and in vitro. We have postulated that the
prostaglandin-induced increase in cAMP may also stimulate glutathione synthesis
and thus confer a measurable amount of resistance to ionizing radiation. To test
this hypothesis, we examined the effects of PGE2 on the radiosensitivity of
exponentially growing Chinese hamster fibroblasts,

MATERIALS AND METHODS

Chinese hamster V79A03 cells were cultured as monolayers on plastic in alpha
MEM medium with Earle’s saits and 25 mM HEPES buffer supplemented with
10% fetal bovine serum (Armour Pharmaceuticals, Tarrytown, NY), 14 mM sodium
bicarbonate, 2 mM L-glutamine, and antibiotics. The cells were maintained at 37°C
in a humidified incubator with a 3%-CO2 and 97%-air mixture. For experiments
in which asynchronous cells were treated, exponentially growing cells were trypsinized
from monolayer culture, plated into 25-cm? flasks containing medium (6 ml at
37°C and pH 7.4), and incubated for an additional 18 to 24 hr before treatment
(microcolony size of 1.5-2.2 cells per colony). The PGE2 content of the medium
supplemented with 10% fetal bovine serum was 38 pM (13.56 pg/mi). The number
of cells inoculated into six replicate flasks was varied to yield 50-100 colonies per
flask after treatment.

Except where indicated, the cells were incubated at 37°C with 14 uM (5 ug/
ml) PGE2 (Upjohn Co., Kalamazoo, MI) in medium for 2 hr. For chronic exposure
to PGEa, the cells were continuously subcultured every 48-72 hr for 3-S5 weeks
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in medium containing 5 ug/ml PGE: without inducing any morphological changes.
The medium was exchanged with fresh medium containing § ug/ml PGE2 2 hr
before either irradiation or cell harvesting for cAMP or GSH assays.

The cells were irradiated on a rotating Plexiglas holder with a Phillips industrial
X-ray machine (Philips GMBH, Hamburg, Germany) at room temperature (17°-
21°C). The irradiation conditions were 1.65 Gy/min with an effective energy of
80 keV (SSD =43 cm, 250 kVp, | HVL = [.0 mm Cu, I5 mA).

After drug and/or irradiation treatment, the cells were incubated for 8-10 days
to allow macrocolony formation. The colonies were fixed to the flasks with methanol
and stained with 0.5% crystal violet. Cell survival was adjusted for the plating
efficiency and the average microcolony size at the time of treatment (11). The standard
error of the mean is indicated when it is larger than the datum point. All curves
have been fit by eye.

For the determination of intracellular glutathione content, a number of additional
100-mm petri dishes were inoculated with 2-5 x 104 cells as described above. Following
the various drug and/or irradiation treatments, the cells were rinsed with cold
phosphate-buffered saline (PBS) and removed from the dishes by scraping the growth
surface with a rubber policeman. The harvested cells were rinsed twice with cold
PBS and then frozen in 0.5 ml of 0.6% sulfosalicylic acid. The cells frozen in
sulfosalicylic acid were later thawed and assayed for total GSH content (oxidized
and reduced) by the GSH reductase procedure (12). GSH content was expressed
as nmoles/million cells and as nmoles/mg protein. Control values measured for
12 experiments ranged from 1.0 to 7.55 nmoles/million cells (0.30-2.32 ug GSH/
million cells).

For cCAMP determinations, cells (4-5 x 106) were harvested as described, and
the cellular proteins were precipitated using cold trichloroacetic acid. The
trichloroacetic acid was removed with ether, and the cAMP content was measured
using a cAMP ('*]) radioimmunoassay kit (Dupont-New England Nuclear, Boston,
MA). All samples were measured in triplicate with control values varying between
1.6 and 3.5 pmole cAMP/ million cells for three separate experiments.

The stability of the PGE2 in the tissue culture medium was determined by
monitoring the radiolabeled products formed in the medium containing tritiated
PGE_.. Briefly, the pH of a sample was adjusted to 3.0 with acetic acid followed
by the addition of two volumes of ethyl acetate. The upper organic phase containing
PGE2 metabolites was removed, evaporated, and then resuspended in buffer
containing 36% acetonitrile (v/v) and 64% phosphoric acid (pH 3.0). The PGE.
samples were analyzed by reverse-phase high-performance liquid chromatography
using a 5-micron Ultrasphere C-18 column (Beckman, San Ramon, CA), 4.6 x
250 mm. The samples were eluted from the column (1 ml/min) using the isocratic
buffer. Labeled PGE2 metabolites were detected using a radiation flow-through
monitor (RAMOND-D, IN/US, Fairfield, NJ) and identified by coelution with
known standards.
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RESULTS

The stability of PGEz in medium alone and in medium when exposed to
metabolically active V79 cells was monitored using tritium-labeled PGE..
Radiolabeled medium was incubated at 37°C for 0 or 24 hr in the presence of
1.0-10 x 105 cells. After each exposure (indicated in Figure 1), medium samples
were analyzed for PGE2 metabolites. All of the samples analyzed contained 10%-
25% PGA2 as well as PGEz. Only when the PGE2 was exposed to 1 x 10¢ cells
or more for a minimum of 24 hr were metabolites of PGE2 detectable. 15-Keto
PGE:2 (peak II), 13,14-dihydro-15-keto PGEz (peak III), and PGA2 (peak [V) were
the major metabolites observed. No other PGE2 metabolites were detected, nor
was PGE; converted to PGF2q. PGE2 was stable at 37°C in cell-free medium
containing 10% fetal bovine serum for up to 1 week.

An acute exposure to PGE2 (14 uM) did not confer radioprotection in vitro
(Figure 2). Exponentially growing cells were incubated for 2 hr in medium with
PGE2 before irradiation, but the radiosensitivity of the cells was not modified.
In addition, when the concentration and pretreatment time were increased to 30
uM and 8 hr, respectively, no modification in radiation resistance was observed
(data not shown).

The intracellular content of glutathione and cAMP was measured after the acute
exposure to PGE2 to determine if an increase in intracellular sulfhydryl content
might increase the cellular free radical-scavenging capability after radiation exposure.
A small increase in GSH and cAMP content was observed after an acute PGE.
exposure (Table 1), but no increase in the GSH:protein ratio was evident.

In order to mimic the environmental conditions that PGEz-secreting tumgr cells
might create (13), cells were continuously subcultured in medium containing PGE.
for a minimum of 3 weeks. Continuous exposure to PGE2 marginally increased
the doubling time of the cells from 10.5 to 11 hr but did not alter the plating
efficiency of the cells. The tissue culture medium was replaced with fresh medium
in order to remove metabolite by-products of PGE2 that might interfere with any
radioprotection that might be induced. The data in Figure 3 indicate that chronic
exposure to PGE2 does not confer any additional radioprotection to the cells.

The intracellular GSH and cAMP contents were also measured after the chronic

exposure to PGE2 (Table 2). Under these conditions, glutathione and cAMP contents
increased 82% and 75%, respectively, with no appreciable increase in cellular protein.

DISCUSSION

Prostaglandin-induced radioprotection of hematopoietic and intestinal stem cells
in vivo was expressed as an increase in the D, and shoulder of the radiation survival
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Fig. 1. PGE; stability in tissue cuiture medium as measured by HPLC chromatography.
PGE2 (5 ug/ml) was incubated at 37°C in presence of 0 cells (panel A), 1.0 x 103 cells
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dihydro-15-keto PGEz (16.9 min); and peak 1V: PGA; (24.1 min).
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inoculated into flasks, incubated for 18 hr, and then exposed (2 hr) to either 0 yuM (0)
or 14 uM (e) PGEa before X irradiation. Each datum point represents mean survival
of six replicate flasks.

Table 1. Effect of Acute PGE2 Exposure on Intracellular cAMP and GSH
Content!

nmoles GSH/  ug protein/ nmoles GSH/ pmoles cAMP/

100 cells 10¢ cells mg protein 10¢ cells
Control 1.36 £ 0.07 164 = 11 8.29 £ 0.31 20£0.14
PGE. 1.52 £ 0.10 178+ 8 8.54 £ 0.55 2.5+0.18
Relative
Change 1.12 1.08 1.02 1.25

'Reported values represent mean of at least two separate measurements from each of three dufferent
eapenments.
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Fig. 3. Effect of chronic exposure to PGE: on radiation response of Chinese hamster
cells. Exponentially growing cells were continuously subcultured for 3-5 wk in medium
containing 5 pg/mi PGEa2. Two hr before irradiation, medium was exchanged with fresh
medium containing PGEa () and compared with survival of cells not exposed to PGE:
(®). Datum points represent mean survival of four experiments, cach with at least five
replicate flasks per radiation exposure.

Table 2. Effect of Chronic PGE2 Exposure on Intracellular cAMP and GSH
Content!

nmoles GSH  ugprotein  nmoles GSH pmoles cAMP

108 cells 10¢ cells mg protein 10¢ cells
Control 6.! +0.53 163 + 18 378+ 27 20%0.14
PGE2 1.1+ 1.33 169 £ 6.5 658 £ 7.1 3.5+ 0.02
Relative
Change 1.82 1.03 1.74 1.75

'‘Reported values represent mean of st least two different measurements from each of three different
experiments,
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curve (8,9). The in vive radioprotection was postulated to result from a rapid increase
in intracellular sulfhydryl compounds, rather than direct free radical scavenging
by DiPGE_., localized hypoxia, or a drug-induced cell cycle redistribution.

In this study we exposed Chinese hamster cells to concentrations of PGE; that
were significantly greater than the serum concentrations of the C3H mice used
in the in vivo studies (8,9), to determine if the radioprotective activity had a cellular
or molecular mechanism of action. PGE2 (C20:H32:05) does not contain any
sulfhydryl moieties, and although it may interact with free radicals by attacking
unsaturated bonds, it is unlikely that this proceeds at a significant rate. Exposure
of cells to PGEg, either acutely or chronically, failed to stimulate any increased
radiation resistance (Figures 2 and 3). Under both conditions, the PGE2 was not
metabolically degraded (Figure 1), an increase was seen in the cellular cAMP content
(Tables 1 and 2), and a significant increase in glutathione content was demonstrated
after chronic PGE2 exposure (Table 2).

The increase in cellular GSH may have been induced by chronic exposure to
PGE_, but it is also possible that the increased level of GSH may have been stimulated
by a PGA2 contaminant that could also have been introduced to the medium or
the conversion of PGE2 to PGA: in a slightly acidic medium environment. Millar
and Jinks (14) demonstrated that exposure to 10 ug/ml PGA2 for 46 hr could
stimulate a 64% increase in the amount of GSH that could be isolated from V79-
753B cells. However, this PGAz-induced stimulation of GSH synthesis did not modify
radiation sensitivity. Russo and Mitchell (15) also reported the failure of elevated
GSH levels to alter radiosensitivity in a V79 cell line. Oxo-thiazolidine-4-carboxylate
(10 mM) stimulated GSH levels to 200%-300% above controls. No decrease in
radiosensitivity was observed, suggesting that GSH-mediated free radical scavenging
and/or GSH' peroxidase-mediated detoxification of hydrogen peroxide were
operating at maximum velocity. In contrast, GSH exogenously supplied to a human
lymphoid has been shown to confer some radioprotection (16). It appears that
the radiation resistance of V79 cells may not be easily manipulated by simply varying
cellular GSH content. While the increased radiation resistance observed for mouse
stem cells in vivo might be the result of increased GSH content, PGE, exposure
induced no additional radioresistance in V79 cells in vitro.

Another popular hypothesis regarding prostaglandin-induced radiation resistance
involves the stimulation of cAMP content. Although the specific mechanism has
not been deduced, variations in intracellular cAMP have been temporally correlated
with changes in radiation resistance (6,7,17,18). This does not appear to be the
case with our V79 cells. The chronic exposure to PGE: increased cAMP by 75%
(Table 2), had no effect on radiation resistance (Figure 3), and increased the cell
doubling time by approximately 30 min compared to the control cells. Although
these data are not entirely inconsistent with other reports, it does appear that cAMP
may be the important prostaglandin (E, and E2) second messenger and not the
only factor involved for radioprotection.
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Summary

An attempt to reduce a radiation-induced conditioned taste aversion
(CTA) was undertaken by rendering animals tolerant to ethanol. Ethanol
tolerance, developed over 5 days, was sufficient to block a radiation-
induced taste aversion, as well as an ethanol-induced CTA. Several
intermittent doses of ethanol, which did not induce tolerance but
removed the novelty of the conditioning stimulus, blocked an ethanol-
induced CTA but not the radiation-induced CTA. A CTA induced by
doses of radiation up to 500 rads was attenuated. These data suggest
that radioprotection developing in association with ethanol tolerance is a
result of a physiological response to the chronic presence of ethanol not
to the ethanol itself.

Animals have developed over the course of evolution mechanisms to help
prevent accidental poisoning. In addition to emesis during which presumably
tainted food is expelled from the stomach, animals are also capable of avoiding
potentially toxic substances after a single ingestion of quantities less toxic than
those required to induce vomiting. This is done through a process called the
conditioned taste aversion (CTA). A CTA develops when the animal associates
the taste of novel tasting food with a physiological response, possibly illness, and
then subsequently avoids further ingestion of that food. In a laboratory setting, a
CTA is typically induced by pairing a normally preferred but novel tasting fluid
with exposure to a toxin. The animal will then avoid drinking the fluid.

The CTA has been extensively studied and a specific nucleus of the brain
stem, the area postrema, has been demonstrated to play an important role in the
development of a CTA to a broad range of unrelated toxins. These toxins include
ionizing radiation, lithium chloride, copper sulfate, paraquat, amphetamine, and
ethiofos (WR-2721). The area postrema is sufficiently important that if lesions are
placed in this- nucleus, the development of a CTA to these toxins is blocked
(1-6). Not all toxin-induced CTAs are mediated by the area postrema. For
exa iple, CTAs induced by ethanol and morphine are not blocked by lesions of
the area postrema (7).

0024-3205/88 $3.00 + .00
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The biological mechanisms by which toxins induce a CTA mediated by the
area postrema are not well understood. Toxins generally are not likely to act
directly on specific receptors in this area of the brain, since toxins are usually
foreign substances, and specific receptors for each possible toxin are not expected
to have evolved. The area postrema is a highly vascularized nucleus in the brain
stem and has a poorly developed blood-brain barrier (8). With this characteristic,
it can monitor the blood for the presence of toxins (9). However, in order to
effectively detect most toxins, an intermediary mechanism in the induction of
CTAs involving one or more secondary mediators has been postulated (10,11).
Basically, the theory suggests that a toxin primarily acts peripherally, rather than
centrally, to stimulate the release of such a mediator into the blood, which, in
turn, circulates to the area postrema, where it interacts with a specific receptor.
If this interaction occurs following consumption of a novel tasting fluid, a CTA is
then initiated.

Several approaches have been taken to block the development of a CTA. One
approach involves preexposure to a toxin different from the one used to induce a
CTA. If both toxins act by similar mechanisms, then the novelty of the CTA-
inducing stimulus will be lost and a CTA will not develop, a process of
behavioral conditioning. A recent study from our laboratory has employed this
approach (12). However, the results provided mixed results. Preexposure to lithium
chloride could block a CTA induced by ionizing radiation or ethanol, but
preexposure with the latter toxins could not block a lithium chloride-induced
CTA.

Another approach is to intervene in the interaction of the toxin or secondary
mediator with receptors in the neural circuitry involved with the acquisition of a
CTA. These receptors could be located in the area postrema or other parts of the
brain. Biogenic amines have been the primary focus of the available studies. The
results obtained using drugs that modify transmitter-receptor interactions or
placing lesions in relevant areas of the brain have depended on the toxin used
but have produced variable results. For example, although catecholamines appear
to be involved in amphetamine-induced CTAs, they are not involved in lithium
‘cihlorli%e- nor radiation-induced CTAs (see review of Rabin and Hunt (11) for

etails).

A third approach to block a CTA might be to interrupt the physiological
consequences of stimulating receptors by a toxin or secondary mediator, rather
than attempting to block the action of a toxin directly at receptors. Many
mechanisms are activated after receptors are stimulated and if these mechanisms
could be desensitized so that their responsiveness to the presence of a toxin is
reduced, the behavioral consequences of exposure to the toxin might also be
reduced. The present experiments were undertaken to test this possibility.

The procedure selected to desensitize neurons was to render them tolerant to
the nonspecific toxin ethanol. The use of ethanol tolerance has one major
advantage over the use of tolerance induced by other drugs. The induction of
ethanol tolerance can reduce nonspecifically the sensitivity to a variety of different
classes of drugs. Chronic ethanol administration is known not only to induce
cross-tolerance to other depressants, such as gaseous anesthetics, barbiturates, and
benzodiazepines, but also to reduce the sensitivity to other drug classes, such as
dopamine agonists and antagonists (13-16), 7-aminobutyric acid agonists and
antagonists (17), and in some cases opiates (18-19). With this relatively
nonselective desensitization in the presence of ethanol tolerance to the effects of a
number of drug types, the probability of reducing toxin-induced CTAs might be
improved.
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In these experiments ionizing radiation was used as the toxin to avoid drug
interactions with ethanol. Also, both toxins exert similar effects on a number of
neural mechanisms, increasing the likelihood of developing cross-tolerance. For
example, radiation and ethanol induce hypothermia (20,21), stimulate striatal
potassium-stimulated dopamine release in_vitro (22,23), reduce the concentrations
of striatal dopamine metabolites (24,25), and inhibit voltage-dependent sodium and
calcium channels (26-29). Since ethanol itself can induce a CTA (30,31), the effect
of tolerance on this end-point was assessed for comj;ztison with the radiation-
induced CTA.

Methods

Male Sprague-Dawley Crl:CD(SD)BR rats (Charles River Breeding
Laboratories, Kingston, NY) weighing 200-300 g were used in these experiments.
Rats were quarantined on arrival and screened for evidence of disease by serology
and histopathology before being released from quarantine. The rats were housed
individually in polycarbonate isolator cages (Lab Products, Maywood, NJ) on
autoclaved hardwood contact bedding (‘Beta Chip’ Northeastern Products Corp.,
Warrensburg, NY) and were provided commercial rodent chow (‘Wayne Rodent
Blok’ Continental Grain Co., Chicago IL) and acidified water (pH 2.5 using HCI)
ad _libitum to reduce Pseudomonas infections. Animal holding rooms were kept at
21 + I° C with 50 + 10% relative humidity on a 12-hr, light:dark lighting cycle
with no twilight (lights on at 7 AM; off at 7 PM).

The animals were rendered ethanol-tolerant by giving them doses of ethanol
twice daily (morning and afternoon) for 5 days. Ethanol was administered orally
as a 20% (w/v) aqueous solution using a pediatric feeding tube. The initial dose
was 4 g/kg and increased toward the end of the 5-day period to 6 g/kg, as the
res, onsiveness to a dose of ethanol decreased. The second dose each day was
deter, ‘ned based on the degree of intoxication as described by Majchrowicz (32).
The hig.er the degree of intoxication, the lower the dose of ethanol administered.
Control groups were given an amount of water equivalent to that received by the
experimental groups. Tolerance was demonstrated 5 days after the last dose of
ethanol by comparing sleep-times induced by a single dose (3-g/kg, ip) of ethanol
obtained from the ethanol-tolerant and control groups. The sleep-time was the
period during which the animal lost its righting reflex.

After the last dose of ethanol, the animals were deprived of water for 23.5 hr
per day for five days. On each of those days, they were given water for only a
30-min period during the early light phase of the diurnal cycle (8-11 AM). On
the fifth day after the last dose of ethamol (the conditioning day), the animals
were presented with a 10% sucrose solution. After they were permitted to
consume the fluid for 30 min and the amount consumed recorded, the animals
were exposed to varying doses of ionizing radiation or to a 4-g/kg, oral dose (via
intubation) of ethanol. Two days later on the test day, the 10% sucrose solution
was presented again for a 30-min period, and the amount of fluid consumed was
recorded. A CTA was defined as a statistically significant reduction in the intake
of the 10% sucrose solution on the test day.

Irradinted animals were exposed to a single bilateral dose of gamma radiation
from a = Co source at a rate of 40 rads/min. Radiation dosimetry was performed
using paired, 50-ml ion chambers. Delivered dose was expressed as a ratio of the
dose measured in a tissue-equivalent plastic phantom enclosed in a restraining
tube, to that measured free in air.
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Results

Exposure to either ionizing radiation (100 rads) or ethanol (4 g/kg, po)
resulted in the development of a CTA in control animals (Fig. 1). As expected,
when animals were rendered tolerant to ethanol (as demonstrated by reduced
sleep-times in Table 1), they were resistant to the acquisition of an ethanol-
induced CTA. However, ethanol-tolerant animals were also resistant to a radiation-
induced CTA as well (Fig. 1). No significant difference in sucrose consumption
was found on the test day for either toxin.

The attenuation of a radiation-induced CTA in ethanol-tolerant rats might
suggest that radiation and ethanol are experienced as similar stimuli by the
animal. Consequently, this attenuation could be due to the lack of novelty of the
experience of the toxin, and such a lack in itself would block the acquisition of a
CTA. To test this possibility, animals were given single doses of ethanol on 3
days prior to the conditioning day on which they were exposed to either ethanol
or ionizing radiation. Single doses of ethanol were administered 2, 5, and 8 days
before the conditioning day. This procedure was not sufficient to induce tolerance
(Table 1). Under these experimental conditions, although several doses of ethanol
were sufficient to block an ethanol-induced CTA, they were not sufficient to block
a radiation-induced CTA (Fig. 2) (cf. ethanol/rad groups in Fig. 1 with
ethanol/rad groups in Fig. 2).

In another set of experiments to determine if ethanol tolerance could block
the CTA induced by higher doses of radiation, animals were exposed to 100-,
300-, or 500-rad doses of radiation and the presence of a CTA was assessed in
the manner described above. Increasing doses of radiation as expected intensified
the CTA in a dose-dependent manner in nontolerant animals with the maximum
CTA being observed after a dose of 500 rads (Fig. 3). When animals were
rendered ethanol-tolerant, a similar dose-response eftect was observed, but revealed
a reduced sensitivity to radiation at all doses. The degree to which ethanol-
tolerance could confer radioprotection depended somewhat on the intensity of the
CTA. Although the dose required to reduce the consumption of the 10% sucrose
solution by 50% (ED.,) was 2.5 times greater for the ethanol-tolerant rats, it was
3.4 times greater for e ED, but only 2.0 times greater for the ED 0 (Fig. 3).
In effect, ethanol tolerance ﬂgd the most beneficial effects after exposure to the
lower doses of radiation.

Discussion

The present results indicate that short-term chronic administration of ethanol
sufficient to render animals tolerant to the depressant effects of ethanol can
attenuate a radiation-induced CTA. This attenuation could be observed over a
range of doses from 100 to 500 rads.

There are three poesible mechanisms by which ethanol treatment could have a
radioprotectant effect. One mechanism could involve a competitive interaction
between ethanol and radiation (possibly via a secondary mediator) on the sites in
the brain where CTAs are initiated. This possibility appears unlikely. Although
radiation and ethanol have some actions in common, as discussed earlier, radiation
acts, at least indirectly, on the important center of CTA induction, the area
postrema (2,3), while ethanol does not (7). Thus, the radioprotectant effect
apparently does not result from a direct action of ethanol per se on the systems
responsible for the induction of CTAs, but rather from the response of the animal
to the continuous presence of ethanol.
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TABLE 1

SLEEP-TIMES (MIN) AS A FUNCTION OF ETHANOL TOLERANCE
AND PREEXPOSURE PROCEDURES

N PRETREATMENT POSTTREATMENT
TOLERANCE
Ethanol 15 100.07 4+ 8.06* 6140 + 5.15**
Water 14 10564 4+ 7.88 124.57 + 10.26**
PREEXPOSURE
Ethanol 12 11483 4+ 8.26 100.58 + 11.67
Water 11 110.73 + 10.68 11245 + 1740

*  Mean + standard error of the mean.
*+ Significantly different from pretreatment mean, p < 0.05, based on Student's

t-tests.
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FIG. 1

The effect of ethanol tolerance on an ethanol and radiation-induced
CTA. Each pair of bars represents the sucrose intake on the
conditioning and test days under different experimental conditions.
Animals were pretreated chronically with either ethanol or water for 5
days. A 100-rad dose of ionizing radiation or a 4-g/kg dose of ethanol
could induce a CTA in non-ethanol-tolerant animals but not in tolerant
ones, Statistical analyses were performed using the paired t-test; 0.05
was the level of significance. No CTA developed when water was
ml:bstit)uted for sucrose or when animals were sham-irradiated (data not
shown).
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The effect of ethanol preexposure on sa ethanol and radiation-induced
CTA. Each pair of bars represents the sucrose intake on the
conditioning and test days under different experimental conditions.
Animals were administered a single dose of ethanol on 3 separate days.
Preexposure to ethanol blocked an ethanol-induced CTA but not a
radiation-induced CTA. Statistical analyses were performed using the
paired t-test; 0.05 was the level of significance. No CTA developed when
water was substituted for sucrose or when animals were sham-irradiated
}dtu not shown). In these experiments, the animals were water deprived
or 10 days prior to the conditioning day to maximize the chance of
finding an effect of preexposure. As a result, they consumed more fluid
on the conditioning day than the ethanol-tolerant animals deprived of
water for only 5 days.
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The effect of increasing doses of radiation on sucrose intake in ethanol-
tolerant and non-tolerant animals expressed as a percentage calculated
by dividing the intake on the test day by the intake on the
conditioning day. Ethanol-tolerant animals were less sensitive to the
induction of a radiation-induced CTA at all doses examined (p < 0.001,
based on an analysis of variance, F = 32.0, df = 1,66).
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If the stimuli underlying the acquisition of radiation- and ethanol-induced
CTAs were similar, the novelty of the radiation stimulus would be reduced by
prior experience with an ethanol stimulus and, consequently, the intensity of a
radiation-induced CTA would be attenuated. The lack of involvement of the area
postrema in the induction of both CTAs and the results in Fig. 2 argue against
this possibility of a preexposure effect. The administration of several doses of
ethanol prior to the pairing of the sucrose with radiation was not sufficient to
block the subsequent radiation-induced CTA. Also, in a more extensive study
ethanol preexposure was unable to block a CTA induced by lithium chloride nor
amphetamine (12). Only an ethanol-induced CTA could be blocked by ethanol
preexposure.

The development of tolerance to ethanol appears to be the best explanation
of the radioprotectant effect observed. Tolerance to a drug is defined as the
progressive decline in the effect of a given dose to induce a given response or as
the need to increase the dose to maintain the response. There are several types of
ethanol tolerance that can be studied in experimental animals, including
environmentally conditioned, metabolic, and cellular tolerance. However, the first
two types of tolerance are not pertinent to the present experiments.
Environmentally conditioned tolerance can occur when animals are tested for
sensitivity and tolerance to ethanol and chronically treated under the same
experimental and environmental conditions (33). They are, in effect, conditioned
by environmental cues to compensate for the depressant effect of ethanol. Since
sleep-times in our studies were performed after a different route of administration
of ethanol than was used to induce tolerance, and since irradiations were
performed in a different environment, environmentally conditioned tolerance would
not play a role in the results obtained. Metabolic tolerance is a result of an
increased rate of ethanol metabolism, a process not relevant to radiation exposure.
Cellular tolerance is expressed as a reduced responsiveness of physiological
processes to the presence of ethanol and correlates with the development of
behavioral tolerance. Since behavioral and cellular tolerance to ethanol results from
a reduction in the ability of ethanol to disrupt the structure and function of
cellular membranes (34,35) and affected mechanisms become cross-tolerant to the
actions of other drugs, the responsiveness of these mechanisms may also be
reduced to the actions of a toxin not a chemical substance, such as ionizing
radiation. This process may be the basis of the radioprotective effect of ethanol
tolerance.

The induction of cellular tolerance to ethanol is a general way to desensitize
a variety of systems, presumably nonspecifically. As pointed out earlier, the
actions of a number of unrelated classes of drugs are less effective in ethanol-
tolerant animals. It would appear from the present results that the ability to
induce a CTA after exposure to ionizing radiation is also reduced in ethanol-
tolerant animals. The usefulness of this approach to block the development of a
CTA might depend on its ability to block CTAs induced by other toxins.
Preliminary results indicate that ethanol tolerance also attenuates a CTA induced
by lithium chloride. Further research is in progress.
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A Tethered-Restraint System for Blood
Collection from Ferrets

Robert K Jackson, Victor A Kieffer, Jerome J Sauber and Gregory L King

The laboratory ferret, Mustela putorius furo, re-
cently has come into prominence as a laboratory animal
for use in biomedical research. Our laboratory has adopted
the use of this species because the ferret's emetic response
to radiation occurs at a lower dose and has a more rapid
onset than that of dogs (1, 2, 3). One approach for deter-
mining the physiological basis of this response is to mea-
sure serum levels of various circulating substances before
and after irradiation. However, blood collection from the
ferret can be difficult because the lack of easily accessible
veins and seasonal accumulation of subcutaneous body
fat.

Previously described methods for blood collec-
tion in this species (toenail clip, retro-orbital or cardiac
puncture, caudal tail or jugular venipuncture and bleed-
ing from the ventral tail artery) all require chemical or
physical restraint (4). These restraint methods are not
well suited for studies in which an active response is to

From the Department of Veterinary Science (Jackson, Sauber) and Phys-
iology (Kieffer, King). Armed Forces Radiobiology Research Institue, Be-
thesda, MD 20814.

be abserved during blood withdrawal or drug administra-
tion. Sedation inhibits radiation-induced emesis in other
species (1, 2) and sling-restraint interferes with radiation-
induced emesis in the ferret (5). Therefore, we developed
a means by which ferrets could be restrained which would
have minimal effect on the emetic response.

This report describes a method of tethered-re-
straint for the ferret in which an in-dwelling venous jug-
ular catheter is implanted for withdrawing blood samples.
No interference with the animal’s normal activities occurs
during the sampling procedure. Each animal is condi-
tioned to the tethered-restraint prior to surgical place-
ment of the catheter. The technique provides a minimally
stressful method of restraint. A similar tethering system
has been used successfully on several other animal spe-
cies, such as non-human primates (6) and rats (7).

Thirty-three commercially obtained adult male,
fitch (sable), castrated and descented ferrets (1 to 1.5 kg),
were used'. All animals were housed in modified stain-
less-steel rabbit or cat cages and fed dried cat or ferret
diet ad libitum. The animal quarters were maintained at
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the following temperature. relative humidity and photo-
cycle respectively: 15-21°C, 45-55% and 12 hours light-
12 hours dark.

Each animal was caged individually and fitted
with a modified guinea pig harness and tether produced
by Alice King Chatham Medical Arts (8)%. The harness fit
around the animal's upper torso and was attached to a
stainless-steel flexible-spring tether through which the
catheter was threaded. The distal end of the tether was
cnnnected to a miniature fluid swivel which was attached
to the catheter and was clamped to the cage top. The only
rotation occurred between the swivel shaft and the hous-
ing of the swivel. This arrangement prevented twisting or
kinking of the catheter. The system restricted movement
somewhat, but did not interfere with normal activity once
the animal became accustomed to tethered-restraint (Fig-
ure 1.

The catheter material was flexible tubing, type
MRE-040. 0.040" (.88 mm) o.d. x .025" (.55 mm) i.d., ap-
proximately 90 cm in length®. One end was beveled for
insertion into the jugular vein while the end to be exter-
iorized was sealed with a stainless-steel 23 ga. pin. A col-
lar of a 5-10 mm piece of slightly larger diameter
polyethylene tubing (1.36 mm od. x 0.99 mm i.d.) was
glued around the catheter 10 cm from the beveled end
with a silicone sealant and allowed to dry overnight.
Catheters were gas sterilized.

Conditioning to tethered-restraint began after
the ferret's arrival and acclimation to its new environ-
ment. Ferrets were first fitted to the harness alone, fol-
lowed by the addition of the tether. Each animal was fitted
with a small or medium size jacket designed for guinea
pigs. The larger size of the ferret necessitated the enlarge-
ment of the leg openings by cutting four small slits radi-
ally around the inner edges. This modification helped

~ T

Figure 1 The length of the tether is sufficient to allow the ferret
access to all areas of the cage. The system restricts movement
somewhat, but does not interfere with normal activity once the
ferret has become accustomed to tethered-restraint.
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prevent irritation caused by normal motion of the legs. To
fit the jacket. the ferrets were held by the skin of the neck
while the forepaws were fed through the leg openings. The
jacket was then pulled snugly to the back where a 4 x 7
cm piece of Velcro* held the ends together. The jacket,
composed of lightweight nylon, was laced by a string to
clasps on each side.

Conditioning was for short periods of time ini-
tially and progressed until the animal tolerated continu-
ous tethered-restraint. Full adaptation was defined by a
normal pattern of activity which included grooming, eat-
ing, sleeping and inquisitive behavior. During the initial
fitting and conditioning each animal was observed for the
first hour. For conditioning periods longer than 1 hour,
ferrets were monitored intermittently. At the first signs
of distress the animal was removed from the restraint
apparatus. Those animals that did not adapt te.g.. toler-
ance time to restraint lessened rather than lengthened)
were removed from the study. Animals did not undergo
catheterization until accustomed to at least 24 hour re-
straint. All pre-operative conditioning procedures re-
quired individual housing of the ferrets.

On first fitting the nylon jackets to the ferrets,
there was some initial discomfort as evidenced by rolling
over and scratching at the jacket. This initial response
subsided within a few minutes. Of the 33 animals in the
study, only one animal was withdrawn because it would
not tolerate the jacket.

During the next stage of conditioning, animals
were tether-restrained for 4 days with periods of restraint
progressing from 1 to 8 hours. Those animals that adapted
rapidly were tethered for 5 to 6 hours on day two. By days
three to five, each animal was tether-retrained for at least
one 24 hour period. Tethered-restraint did not interfere
with normal eating, sleeping or exploratory behavior, thus
meeting the criteria for ful, adaptations.

Twelve to sixteen hours prior to surgery each
animal was assessed for the status of its general health
and food was withheld. Each animal was preanesthetized
with an IM injection of ketamine hydrochloride (30 mg/
kg) and acetylpromazine maleate (25 mg/kg). This placed
the overall injected dose of both preanesthetic compounds
within the middle of the recommended dosage ranges (i.e.,
20-35 mg/kg ketamine and 0.2-0.35 mg/kg acetyl-
promzine) for the ferret (4).

Early in the study, induction and maintenance
of a surgical plane of anesthesia was accomplished by
masking the animal and gassing with 0.75 — 1.25% hal-
othane in 0.8 L/min of N,O and 0.4 L/min of 0,. Respira-
tions and mask placement/retention over the snout were
monitored visually throughout the procedure. In more re-
cent procedures, ferrets were intubated using a 3.0 1.D.x4.3
0.D. endotracheal tube and maintained on 1.0 — 1.5% is-
oflurane in 0.5 L/min of 0, using a Bickford PC-2, pedia-
tric, non-rebreathing system?*.

The use of gas anesthesia helped to maintain a
safe plane of surgical anesthesia and to ensure rapid post-
operative recovery. Altering the anesthetic technique to
the use of isoflurane, intubation, and a pediatric, non-
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rebreathing svstem enhanced the ability to control the
plane of anesthesia and further shortened the recovery
period. N.O has been used for jugular catheterization in
the ferret 19 and no complications were noted with it in
our study. Nevertheless, its use was discontinued due to
the risk of expansion of any possible air embolism sec-
ondary to the jugular cutdown procedures.

One death occurred due to a presumed hyper-
sensitivity reaction to the pre-anesthetic medications. This
particular 1.1 kg ferret received the calculated pre-anes-
thetic dose of ketamine and acetylpromazine, was re-
turned to the holding cage in the surgical preparation
area and expired prior to retrieval for surgical prepara-
tion. Attempts to resuscitate the animal were unsuccess-
ful.

The surgical approach to the jugular vein in the
ferret did not offer significantly from the approach in the
dog and cat. and various techniques have been described
previously in the ferret (10, 11). The saline-filled catheter
was inserted through the jugular incision and advanced
until the collar passed just beyond the incision site. Can-
nula patency was tested by drawing blood into the cath-
eter and then flushing with approximately 1 ml of
heparinized saline 110 mg 1000 ml). Once the catheter was
determined to be patent, it was sealed with a sterile stain-
less-steel pin. The catheter was secured in place by tying
two silk ligatures on either side of the collar. The distal
end of the catheter exited through a dorsal midline inci-
sion between the scapulae. In our experience, subcuticular
sutures are better tolerated than skin sutures in the fer-
ret, and minimize the chance for catheter complications
secondary to handling the animal to remove non-absorb-
able skin sutures. After closing both incisions, the exposed
end of the catheter was threaded through the sterile flex-
ible tether. The harness was fitted and fastened, and the
catheter uncapped and attached to the sterile, sealed swivel.

Post surgically, each animal was ventilated
briefly with 100% O,, and then allowed to breathe room
air before being returned to its cage. The swivel was at-
tached to the overhead clamp and the tether's length (53
cm) allowed the ferret access to the entire cage interior.
Animals were monitored constantly until sufficiently re-
covered to maintain sternal recumbancy. All animals re-
covered from the effects of the anesthesia within an hour
and were eating and active by the end of the day. They
were observed frequently over the next 24 hours to ensure
complete recovery from anesthesia and to monitor for ex-
cessive bleeding. Each animal was also checked for pos-
sible seroma or hematoma formation in dependent areas
and for proper jacket fit.

The catheter was checked daily to ascertain its
patency by aspirating until blood was visualized and then
flushing with approximately 1.0 ml of sterile heparinized
saline solutiun. Sterile gloves were worn and aseptic tech-
niques used for this procedure (e.g., sterile syringes and
needles).

Within 24 to 48 hours after recovery from sur-
gery, blood was drawn for control samples. One to two
days after control samples were drawn, the animals were
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irradiated and additional blood samples were taken. Asep-
tic technique was used to withdraw all samples. Sampling
was done from outside the cage by manipulating the distal
end of the catheter where the tether attached to the swivle
assembly, thus avoiding the need to handle the ferret.
During sampling, no more than 4 ml of blood was drawn
at any one time. An equal volume of normal saline was
infused afterward to maintain the intravascular blood vol-
ume,

Of the 32 animals adapted to tethered-restraint
and implanted with catheters, blood samples were drawn
successfully from 30. Of these, both control (pre-irradia-
tion) and experimental (post-irradiation) samples were
drawn from 25, while control samples only were collected
from five. With one exception, control blood samples were
taken at 1 to 2 days postoperatively, and experimental
samples were drawn 2 to 9 days postoperatively. In the
one case, the control sample was taken at day 18 postop-
eratively and the experimental sample drawn at day 21.
The volume of blood taken during a single withdrawal
ranged from 2 to 4 ml.

We were unable to obtain any blood from two
ferrets. In these two cases, the problem was attributed to
clotting at the end of the catheter, and was confirmed at
necropsy. The clotting presumably resulted from occlusion
of the jugular and subsequent loss of blood flow around
the catheter tip. This problem was corrected by length-
ening the intravascular portion of the catheter to 10 cm,
so that its tip would rest where the left and right jugular
veins join to form the precava. With the remaining five
animals, complications arose while drawing the experi-
mental sample. In one of these animals, the catheter had
become crimped in the subcutaneous tunnel. In another,
the catheter was not blocked at necropsy although it was
impossible to flush or withdraw in situ. The probable cause
was thought to be a fibrin tag acting as a one way valve.
No necropsy was performed on the other three animals.

At the conclusion of the experiment, each ani-
mal was euthanatized with an [V injection of T-61* (0.3
ml/kg)®.

The principal conclusion to be drawn from these
studies is that the ferret is amenable to tethered-restraint.
This is evidenced by the 97% success rate (n = 32/33) for
adaptation after conditioning. Restriction of movement
induced by the tether is minimal. All animals exhibited
normal behavior patterns of sleeping, eating, grooming
and exploration. Alternative restraint systems, such as a
lucite tube (12) or a sling (5) prevent such activity.

A major advantage of tethered-restraint is the
apparent lack of stress that has been observed as com-
pared with other means of physical restraint. Tether-re-
strained ferrets exhibited no observable difference in
activity levels or behavioral traits from non-restrained
animals. In addition, the emetic responses of the tethered
ferrets did not differ in latency from those of non-re-
strained ferrets (3). From these observations, it appears
that the stress of tethered-restraint in the ferret is no
greater that of single housing them in standard laboratory
animal caging.
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Given the small diameter of ferret veins and the
difficulty with locating them (10), intermittent venipunc-
ture of these vessels (12) requires periods of restraint that
add to the stress of venipuncture and may alter physio-
logic parameters under study. Even the jugular catheter-
ization technique described by Greener and Gillies (11)
requires a degree of physical restraint during sampling.
The conditioning of ferrets to tethered-restraint should
minimize stress-induced changes in levels of numerous
circulating hormones, vasoactive compounds and hemo-
tological components (13, 14). Additionally, it allows the
investigator to administer compounds and withdraw sam-
ples unassisted.

The major complications arising from this study
have been associated with catheter length. In two early
cases, the catheter blocked with clotted blood. This prob-
lem was corrected by lengthening the indwelling portion
of the catheter so that its tip would extend into the pre-
cava, thus maintaining blood flow away from the end.
Once this problem was corrected, the overall success rate
for blood withdrawal from the remaining ferrets was 83%
(n = 25/30). The one instance in which blood was drawn
18 and 21 days postoperatively suggests this method may
be amenable for chronic studies and warrants additional
investigation.

Other complications resulted from the lack of
precise postoperative fitting of the jacket. If the jacket fit
too snugly, postoperative edema occurred and skin irri-
tation around the neck and axillary regions resulted. If
the jacket fit too loosely, the animals could remove the
jacket and possibly dislodge the catheter. Careful moni-
toring and adjustment of the jackets for the first 24 hours
prevented these problems.

In conclusion, we find that ferrets easily adapt
to the tethered-restraint system, and that the behavior of
tethered ferrets is not discernibly different from non-teth-
ered ferrets. Additionally, tethered-restraint allows blood
samples to be drawn by one person, reduces the stress
normally associated with other means of physical re-
straint, and avoids the need for tranquilization or sedation
during sampling.
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Characterization of Radiation-induced Emesis in the Ferret

GREGORY L. KING

Department of Physiology. Division of Neurophysiology, Armed Forces Radiobiology Research Institute,
Bethesda, Maryland 20814-5145

KING, G. L. Characterization of Radiation-Induced Emesis in the Ferret. Radiat. Res. 114,
599-612(1988).

Forty-eight ferrets (Mustela putorius furo) were individually head-shielded and radiated with
bilateral “Co 4 radiation at 100 ¢cGy min™' at doses ranging between 49 and 601 cGy. The
emetic threshold was observed at 69 cGy, the ED was calculated as 77 ¢Gy, and 100% incidence
of emesis occurred at 201 cGy. With increasing doses of radiation, the latency to first emesis
after radiation decreased dramatically, whereas the duration of the prodromal period increased.
Two other sets of experiments suggest that dopaminergic mechanisms play a minor role in radia-
tion-induced emesis in the ferret. Twenty-two animals were injected either intravenously or
subcutaneously with 30 to 300 ug/kg of apomorphine. Fewer than 50% of the animals vomited
to 300 ug/kg apomorphine; central dopaminergic receptor activation was apparent at all doses.
Another eight animals received | mg/kg domperidone prior to either 201 (n = 4) or 401 (n = 4)
<Gy radiation and their emetic responses were compared with NaCl-injected-irradiated controls
(n = 8). At 20} ¢Gy, domperidone significantly reduced only the total time in emetic behavior.
At 401 cGy, domperidone had no salutary effect on radiation-induced emesis. The emetic re-
sponses of the ferret to radiation and apomorphine are compared with these responses in other
vomiting species. © 1988 Academic Press, Inc.

INTRODUCTION

Emesis, along with fatigue, is the most prominent human response to low-level
(100-1000 cGy) radiation exposure, and its occurrence signifies the prodromal phase
of the acute radiation syndrome (/). To better understand the mechanism underlying
the emetic response, the canine and the nonhuman primate have been used as the
primary animal models. It has been suggested that the canine may be the more suit-
able animal model for comparison with man (2, 3), given their similar emetic sensitiv-
ities to apomorphine (ED,q for man, 50 ug/kg (4); for canine, 10-15 ug/kg (5. 6))
and radiation (EDs, for man, 214-230 cGy (7, 8); for canine, 258 cGy (3)), and their
similar thresholds for radiation-induced emesis (man, 180 ¢cGy MLT (9); canine,
150-170 cGy MLT (3, 10)). Nonhuman primates have a radiation EDs, of 446 cGy
(11) and do not vomit in response to apomorphine (12). Cats are seldom used since
they require large doses of both apomorphine (/3) and radiation to induce emesis
(14, 15).

Recently, however, the ferret (Mustela putorius furo) has been proposed as a new
animal model for the study of radiation-induced emesis. Gylys (16, /7) and Andrews
(18, 19) and their co-workers have reported some details of the ferret emetic response
to radiation. The emetic threshold for radiation in ferrets lies somewhere between 75
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F1G. 1. ®Co dosimetry results from ferret “phantom.” Lower panel: Schematic of lucite cylinder or

phantom which approximates shape of the ferret. Lithium fluoride thermoluminescent dosimeters (TLDs)

were placed at fixed intervals along its central core. All radiations were specified at a 100-cGy dose at 100

cGy min~'. Upper panel: Mean TLD dose recorded along central axis of phantom with (B) or without (O)

head-shielding. Error bars represent standard error of the mean. See text (Methods) for more details.

and 100 cGy (J. A. Gylys and C. J. " avis, personal communication). Ferrets also
vomit in response to apomorphine and several other compounds (20, 21).

This paper reports, in detail, the ferret emetic response to low-level (100-600 cGy)
radiation. In addition, this paper describes the ferret emetic response to apomor-
phine, a dopamine receptor agonist, and the refractoriness of radiation-induced eme-
sis to domperidone, a peripheral dopamine receptor antagonist. These results have
been communicated in part as an abstract to the Society for Neuroscience (22).

METHODS
Animals

Adult male, fitch (sable), castrated, and descented ferrets (1-1.5 kg) were obtained from Marshall Farms
{North Rose. NY)and used for all studies reported herein. All animals were housed in stainless-steel modi-
fied rabbit or cat cages and provided commercial cat feed and water ad /ihitum. Only those with an indwell-
ing jugular ¢ atheter were housed individually. The animal quarters were maintained, respectively, at the
following temperature, relative humidity, and photocycle: 15-21°C, 45-55%, and 12 h light/12 h dark.

Radiation Studies
Dosimetry and Radiation Exposure

Dosimetry with lithium fluoride thermoluminescent dosimeters (TLDs) was performed on a **phantom™
ferret (Fig. 1). a lucite cylinder which approximates body tissue in absorption and scatter of radiation (23).
The phantom length and diameters were modeled on the average body length and circumference values
measured from 11 ferrets weighing an average (+tSEM) of 1.26 + 0.16 kg (circumference: head = 15.9 cm,
chest = 19.6 cm, lower abdomen = 28.9 cm). TLDs were placed at the following distances (in cm) from
the rostral end of the phantom (distance from nose in Fig. 1): 4, 6, 10.7, 14.5, 20.6, 24.6, 28.6, 32.6, 36.6,
and 40.6. All dosimetry trials were run at a dose of 100 cGy at 100 ¢cGy min '. This dose rate compares
well to the 125 cGy min~' used by C. J. Davis (personal communication) and the {38 cGy min "' used by
Gylys and co-workers (18, 19). Trials on the phantom were performed cither with (n = 8) or without (n
= 4) head-shiclding, provided by a layer of 5 X 10 X 20-cm lead bricks stacked around the “head” of the
phantom. Irradiation was provided by a bilateral *®Co source and delivered at a source-midiine distance
of 292 cm. Measurements of dose rate were taken with an ion chamber at the source midiine. Results from
free-in-air and source~midline measurements gave a TAR (tissue to air ratio) of 0.90.
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Figure 1 shows the results from this dosimetry. Without shielding, the mean TLD recorded dose for the
head was 117.6 = 1.8 cGy (mean + SEM), a value similar to that received by the phantom “body™ (114.4
* 0.8 cGy). Conversely, the recorded dose for the shielded head was 7.8 cGy. with some increase near the
“shoulder” (16.1 cGy). The head-shiclded mean-total-midline or body dose was 111.46 + 1.02 cGy, a value
not significantly different from the unshielded body duse. The average absorbed TLD dose, however, was
11 cGy greater than that specified for each radiation run. All dose values reported here were adjusted to
reflect this difference. The +SEM values for the total midline-body dose received by the head-shielded
phantom were +1 ¢Gy (vide supra). Given this, it was deemed appropriate to ascribe (and thus report) the
precise dose values calculated for each animal.

For radiation exposure, each animal was individually transported to the *Co facility in a Plexiglas box
covered with an environmental filter and then transferred to a hollow Plexiglas tube, capped on both ends
and drilled with ventilation ports (modified from (24)). Two tubes of different diameters were used (8.2 or
9 cm); the smaller tube was for animals weighing 1-1.2 kg. This prevented turning by the animal and
maintained head-shielding. The tubes were placed on a platform centered between the *°Co sources and
oriented with the gut in the field center. Each animal was irradiated. transferred back to the filtered box,
and returned to the laboratory for a 2-h observation period. The tubes did not disrupt the uniformity of
the radiation field.

Apomorphine Studies
Intravenous Cannulation

Catheter construction. The catheter material was flexible tubing (Micro-Renathane, type MRE-040,
0.102 cm o0.d. X 0.064 cm i.d., Braintree Scientific. Inc., Braintree, MA) approximately 30 cm long. (One
end is beveled for insertion into the jugular, the other is sealed with a stainless-steel 23-gauge pin and
exteriorized through the neck.) A 5- 10 10-mm piece of slightly larger diameter polyethylene tubing (Intra-
medic PE-160,0.16 cm 0.d. X 0.11 cm i.d., Becton-Dickinson and Co.. Parsippany. NJ) was glued around
the catheter 10 cm from the beveled end with a silicone sealant and allowed to dry overnight. Each catheter
was then gas sterilized.

Surgical and postoperative procedures. All catheter implantations were done under sterile conditions.
Twelve to sixteen hours prior 1o surgery each animal was observed to be healthy and then placed on nothing
per os except for H,O.

Each animal was preanesthetized with an im injection (0.3 ml) of a 10:1 combination of 100 mg/ml
ketamine hydrochloride (Vetalar, Park-Davis) and 10 mg/ml acetylpromazine maleate (Acepromazine
Maleate Injection, Tech America). After shaving and cleansing both the neck and dorsal thorax with a
povoiodine scrub, a 2- to 3-cm incision was made parallel to the right jugular vein, which was then isolated
by blunt dissection. The vein was ligated cranially; the catheter was then inserted through a more caudal,
transverse incision and secured with ligature on either side of the collar. Each animal was then rotated into
a lateral recumbancy position, the ventral neck incision was covered with sterile gauze, and a short incision
was made dorsally in the center of the neck. A subcutaneous tunnel for the catheter was made from this
site to the ventral incision. Some slack in the catheter was left near the jugular to prevent “fouling” by
head and neck movement during normal activity. Both incisions were closed with a subcuticular, simple-
continuous suture pattern. The catheter was shortened to leave 2-3 cm exposed, flushed with heparinized
saline, and resealed. Anesthesia was maintained throughout the surgical procedure by inhalation of 0.75-
1.25% halothane in 0.8 liter/min N;O and 0.4 liter/min O,. Respirations, mask placement, and mask
retention were monitored visually throughout the procedure. Strict adherence to aseptic surgical tech-
niques has precluded the necessity for antibiotics; there have been no problems from infection with im-
planted jugular catheters for up to 25 weeks.

Postsurgically. each animal was ventilated for a few minutes with 100% O,, then allowed 1o breathe
room air and returned to its cage. Animals were monitored frequently over a 24- to 48-h period to ensure
uneventful recovery from anesthesia. The catheter was flushed 6 days/week, with approximately 0.3-0.6
mi heparinized sterile saline. Mild restraint is required for this procedure, but the ferrets adapt very quickly
(see also (25)).
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Injections and Behavioral Observations

For intravenous apomorphine administration, a bolus of sterile heparinized saline (0.3-0.6 ml) was first
injected to flush the catheter, followed by sterile apomorphine (0.3-0.9 ml; 10-300 ug/kg), which was in
turn followed by sterile saline (0.3-0.6 ml). The catheter was then recapped. Intravenous apomorphine
testing began 6-7 days postoperatively. For subcutaneous injections, each animal was gripped and held at
the scruff of the neck and apomorphine was injected along the thorax. Apomorphine HCl (Sigma Chemical
Co.) was made fresh daily and injected at no less than 48-h intervals. All doses were delivered on a micro-
gram per kilogram basis, according to the animal’s weekly weight, and never exceeded | ml in volume.
The dosing procedure for each animal began at a single value and was lowered or raised, depending on
whether there was an emetic or retching response.

Domperidone vs Radiation-Induced Emesis

For this series of experiments, naive animals were ip injected with 1.0 mg/kg of domperidone (R 33,812;
Janssen Pharmaceutica, Inc.) approximately 30 min prior to either 201 (n = 4) or 401 ¢cGy (n = 4) *Co
radiation. Domperidone was prepared and injected as a suspension made from a 2% carboxymethyl cellu-
lose vehicle in NaCl. Eight other animals were injected ip with NaCl only and exposed to 201 (n = 4) or
401 (n = 4) cGy radiation. Animals were observed and notations were made as described below.

At the termination of the postradiation observation period or when a catheter became permanently
occluded. animals were anesthetized with sodium pentobarbital (ip, 35-50 mg/kg) and euthanized with T-
61 (ip, 0.3 mi/kg. American Hoechst Division).

Data Analysis
After each radiation the following events were recorded for 2 h, along with the time of their occurrence:

(1) emesis and/or retch (nonproductive emesis),
(2) defecations and/or diarrhea, and
(3) other behaviors or responses that might be considered a consequence of radiation exposure,

From these data the latency to and duration of the entire prodromal emetic period and individual emetic
or retching episodes were calculated. No objective physiological measure was used to discriminate between
emesis and retching, e.g.. record of changes in intrathoracic pressure (26). For this study, the prodromal
(emetic) period for each animal is defined as that period of time which begins with the onset of first emesis
or retch and ends with the termination of the final emesis or retch. This time frame becomes equivalent to
the prodromal phase of acute radiation sickness (/). Each prodromal period consisted of distinct emetic
or retching episodes. an episode was considered emetic if emesis occurred within a series of retches. An
interepisode interval consisted of >4 min between the last emetic or retching movement of an episode and
the first movement of the next episode. All emetic episodes were timed from the end of “Co radiation.

Todetermine the EDy, for radiation-induced emesis, the percentage of responding animals was analyzed
by a Weibull nonlinear fit routine (BMDP 3R) and lincar- and log-probit analyses, each with two parame-
ters. A x-test was used to determine the goodness-of-fit for each analysis. Linear regression analysis was
used to determine the degree to which any single variable (c.g., latency to the first episode) was lincarly
related to radiation dose. To compare the effects of domperidone with NaCl on radiation-induced emesis,
a standard Student’s ¢ test and a Mann-Whitney test were used. Except where noted. all values are reported
as means = SEM. A significant difference was assumed if P < 0.05.

RESULTS
Radiation-Induced Emesis

For these studies a total of 48 naive animals were head-shielded and individually
radiated at one of the following doses (in cGy): 601 (n = 6), 401 (n = 6), 201 (n = 6),
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FIG. 2. Weibull distribution of ferret emetic response 10 %°Co radiation. Population dose response (as
calculated by the Weibull model) of the percentage of animals responding to distinct radiation doses with
episodes of either emesis only (8) or emesis and retching (nonproductive emesis (O)). Overlapping data are
indicated by the (€). Dashed and solid lines are fit by computer program. Lower table: Number of animals
in each group responding 1o distinct radiation doses (upper ribbon of panel).

and n = 30 for steps between 49 and 127 cGy (see Fig. 2). Seven other naive animals
were sham-irradiated at either 101, 201, or 401 cGy. These animals were tube-re-
strained and placed on the platform for times equivalent to radiation at 100 cGy
min~'. No emesis or retching was observed in this latter group. It is possible that
tube restraint affected some of the emetic variables. Since all irradiated and sham-
irradiated animals were restrained in a similar fashion, tube restraint was not a con-
founding variable.

Dose-response Curve and EDs,

Figure 2 illustrates a Weibull distribution of the percentage of animals vomiting,
or vomiting and retching, in response to the lower radiation doses. The table below
the figure shows the raw data for these calculations. This distribution gives an EDy
for emesis alone at 98 cGy, slightly more than the 90 cGy reported by C. J. Davis
(personal communication). Including nonproductive emesis or retching as an epi-
sode, and therefore part of the prodromal period, at lower doses shifts the dose-re-
sponse curve to the left and steepens it. The EDy, thus becomes 77 ¢Gy. The observed
threshold dose for emesis is 69 ¢Gy, comparable to the 75-cGy threshold found by
C. J. Davis (personal communication), who used whole-body radiation on ferrets of
both sexes, different strains, and all ages.

Table 1 compares the EDs, and other quantile doses calculated by the Weibull
distribution with the values for these doses calculated by a linear- and log-probit. As
seen here the EDy, and other quantile dose values generated by each method are
similar. The EDy,, produced by including retching as an episode, is lower in all analy-
ses, and all quantile doses are similar. Ninety-five percent confidence limits were not
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TABLE!

Ferret Emesis and Retching Incidence in Response to Radiation

Quantile dose (cGy)
Model Emesis ED, EDy, EDy,
Weibull Only 54 98 151
[19.90] [81,119] {110, 209)
With retching 45 77 114
[23. 86) [59. 101) [93, 140}
Probit Only 40 95 150
-] -] -]
With retching 4 79 13
[-.62] [20.93) [ 98.182]
Log probit Only 59 96 158
[-. 77 [67,119] [126, 561)
With retching 52 77 114
-, 69) [41,91) {97, 218)

Note. Brackets indicate 95% confidence limits.

generated by the linear-probit method when retching was excluded from analysis.
A x? analysis for goodness-of-fit showed the population to be normally distributed
for each analytical method (« > 0.05). A straight line was a good fit for both probit

analyses.

Emetic Latency, Duration, and Frequency

Of all the variables, the one most highly correlated with and linearly related to the
radiation dose was the sum total of time spent in emetic behavior during the prodro-
mal period. As seen in Table 11, these raw data had a 0.87 correlation with the radia-

TABLE I

Correlation of Emetic Response Variables with Radiation Dose

Response variable Correlation coefficient*
Total emetic time 0.8661
Prodromal period 0.7913%
Latency to first episode -0.7649°
Total expuisions 0.7464
Total bouts 0.6468
Total defecations 0.5419°

* Linear regression analyses show that all variables are a linear function of dose (P < 0.005) and that the

slope of each function is significant (P < 0.005). df'= 39.

® Robust (bisquare) regression used; all others done with least-squares calculation.
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FIG. 3. Timing of individual emetic episodes during the prodromal period following ®Co radiation. Each
line represents the duration of a single emetic episode from an individual animal. The latency to each
episode was calculated from T, = time that ®Co ended. For each radiation dose, emetic responses are
arrayed according to the shortest latency to onset. Wavy lines (e.g., 1.2 Gy at 10 min) represent episodes
of retching without emesis. Although the animals were observed for 2 h, the prodromal period had ended
by 90 min at the highest radiation dose tested.

tion dose. As expected, both the prodromal period and latency to first emesis were
also correlated with and linearly related to radiation dose (see Table II).

Figure 3 summarizes the raw emetic data obtained from all animals, e.g., the la-
tency to and duration of each emetic and retching episode in each animal plotted vs
the radiation dose. The responses are arrayed according to the earliest onset of the
first episode. (Eight episodes were retches only.) With increasing doses of radiation,
(1) the delay to onset of the prodromal period diminishes, (2) the duration of the
prodromal period increases, and (3) the number of distinct episodes within the pro-
dromal period increases. At 69 cGy, for example, one ferret (of three, see Fig. 2) had
a single brief episode, lasting 0.5 min, with two expulsions (data not expressed). In
contrast, at 601 cGy, one animal had seven episodes, lasting 2-5 min each, with 15
expulsions. The entire prodromal period for this latter animal lasted almost 1.5 h.
For comparison, the duration of the prodromal period in the dog in response to 600
¢Gy (at 100 cGy min~') is also about 1.5 h, with four or five episodes (27).

Figure 4 is a graph of the mean latencies of the first three emetic episodes within
the prodromal period vs the radiation dose. The latency decreases dramatically from
40 min at 68.9 ¢Gy to 8.5 min at 601 cGy. The latency values reported here are
consistent with Davis’ report (for example, 44 min latency at 75 cGy, an average 16
min latency for 200 plus 400 cGy). The hatched bars attached to the episode | laten-
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FIG. 4. Mean latencies to first three emetic episodes following *°Co radiation. Hatched bars attached to
mean latencies of the first emetic episode represent the mean duration of that episode. Error bars represent
standard ervor of the mean. Solid line through first latencies is computer generated best fit of a straight line;
others are drawn by hand.

cies represent the mean duration for that first episode. The duration of episode 1
increases dramatically from 4 min at 98 cGy to 10-12 min at 401 and 601 cGy.

Behavioral Observations

The behavioral and emetic responses of the ferret to low-dose radiation differ from
those responses reported for other species. The ferret does not demonstrate the pro-
dromal signs shown by the dog (28), e.g., yawning, salivation, licking of the nose, and
standing with its head lowered, or the monkey (11, 29), e.g., general malaise, yawning,
grimacing, and exaggerated oral movements. The ferret does, however, show a lip-
licking behavior similar to that of the feline emetic response to 8-endorphin (30) and
also claws at the roof of its mouth. In addition, a very active “burrowing™ behavior
frequently occurs prior to emesis. The lip-licking, clawing, and burrowing behaviors
are somewhat predictive for emesis at lower radiation doses, but no statistical correla-
tion was attempted. All ferrets show a characteristic posture during retching and eme-
sis, regardless of emetic agent. The animals will arch their back, with fore- and hind-
legs drawn together, in an inverted “u”-shape.

At the lower doses (<201 cGy) of radiation, the ferrets tend to vomit toward that
area in which they defecate. At higher doses (401-601 cGy), retching may not precede
vomiting, vomiting may be projectile, and the animals are less discriminate about
their site of vomition. At these higher doses the animals are lethargic between epi-
sodes, rather than active, and mucous-filled diarrhea frequently occurs.

Apomorphine-Induced Emesis

For these studies 22 animals were used, S of which received apomorphine iv only
and 5 sc only. The 12 other animals received both iv and sc injections for comparison
between the responses within the same animal. The doses injected were 10, 30, 100,
and/or 300 ug/kg. Two animals received a single sc dose of apomorphine (300 ug/
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TABLE Il

Ferret Emesis/Retching Response to iv or sc Apomorphine

Dose No. responding Percentage Mean episode
Route (ng/kg) No. tested responding latency (min)
iv 10 0/1 0 —
30 2/1$ 13 30
100 6/17 35 49
300 6/15 40 2.2
sC 30 0/15 0 —
100 ms 47 6.9
300 5/16 31 10.2

kg); all others received two or three different doses. No animal was tested twice at the
same dose and all dosing occurred at >48-h intervals.

The results from these studies are showr. in Table IIL. No distinction is made be-
tween retching and emesis in the table. As seen here, no single dose of apomorphine
was 100% effective in producing either emesis or retching, regardless of administra-
tion route. Vomiting or retching might occur in response to a single dose adminis-
tered via one route but not the other. Three animals showed neither emesis nor retch-
ing, regardiess of administration route.

The 100 ug/kg dose produced the largest percentage response (47%). Individual
responses varied markedly, with an animal responding to one dose, yet not to a higher
dose. Subcutaneous injection also produced a bell-shaped distribution for the num-
ber of episodes per animal (30 ug/kg, 1; 100 ug/kg, 1-7; 300 ug/kg, 1-2), whereas iv
injection produced a single episode at all doses. The episodes were of very short dura-
tion, ranging from 10 s to 2 min, and the latency to the first episode increased with
increasing dose. Although this increased latency is not usually predicted for dose-
response behavior, the latency differences were not significantly different. Multiple
episodes were seen with 100 and 300 ug/kg sc doses. Emetic and retching responses
to apomorphine were also preceded by lip-licking and burrowing behavior.

Behavioral actions suggesting central nervous dopaminergic activation were pro-
nounced in 60% of the animals. These occurred regardless of administration route or
presence of an emetic response and also varied across animals and drug doses. These
behavioral actions appeared at doses as low as 30 ug/kg. The behaviors included leap-
ing, jumping, twisting, and some aggressive display. Sedation was also observed, ex-
emplified by head-rocking and ptosis, but neither the activation nor the sedation
responses appeared dose related.

Domperidone vs Radiation-Induced Emesis

Table IV shows the effect of domperidone on several emetic parameters (described
in Table II) following either 201 or 401 ¢Gy radiation and compares these values
with those obtained from the NaCl-injected-irradiated control group. After 201 cGy,
domperidone significantly reduced only the total time in emetic behavior. Domperi-
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TABLEIV
Domperidone (1 mg/kg) Effect on Mean Emetic Responses to 201 and 401 ¢cGy Radiation

NaCl Domperidone
201 Gy
Latency to first episode (min) 28.0+£4.7* 35.3+3.5
Prodromal period (min) 258+64 122+6.8
Total emetic time (min) 9.0 2.0 26+ 1.2%
Total expulsions 4.5+ [.5* 20+14
401 cGy
Latency to first episode (min) 128 £ 0.6 120x 1.1
Prodromal period (min) 56.2+5.8 48.1 £ 6.1
Total emetic time (min) 17.5+3.2 11.3+09*
Total expulsions 4021 80+1.2
n 4 4

* P < 0.05; Wilk-Shapiro test for normality.
** P < 0.05; pooled variance I-test.

done had no beneficial effect on radiation-induced emesis following 401 c¢Gy. Al-
though not shown in the table, the nondrug control groups showed significant differ-
ences between two variables. For the nontreated group at 201 ¢Gy, the mean emetic
latency was 19.1 & 1.1 min. For this group at 401 cGy, the mean total number of
expulsions was 12.3 + 2.7 min. (Compare these values with those for the NaCl-in-
Jjected control group in Table IV.) These latter differences may be a response to the
stress of handling or injection or may simply be due to the small sample size in the
groups (n = 4).

DISCUSSION

The principal finding from these studies is that the ferret, like man, canines, and
nonhuman primates, shows an emetic response to relatively low doses of radiation.
However, the ferret is unique in that this prodromal response appears at much lower
doses than in the other species and also occurs much sooner after radiation. In addi-
tion, like man, canine, and feline, the ferret vomits in response to apomorphine, a
dopaminergic agonist. The ferret emetic response to apomorphine is quite variable,
however, and the lack of domperidone antagonism of radiation-induced emesis em-
phasizes the differences among species.

Radiation-Induced Emesis in the Ferret

The observed threshold and calculated EDs, values for radiation-induced emesis
in the ferret are similar to the values observed by others. The 69-cGy threshold value
reported here is closer to the 75-cGy value reported by C. J. Davis (personal commu-
nication) and less than the 100-cGy value reported by J. A. Gylys (personal commu-
nication). The 90-cGy EDs, value reported by Davis falls within the range of calcu-
lated EDy, values (77-98 cGy, see Table I) reported here. The 125-cGy ED,
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reported by Davis also falls within the range of calculated EDy, values herein (113-
158 cGy).

The Weibull, probit, and log-probit mathematical models are generally used to
describe the dose-response relationship of mortality from hematological depression
after radiation (31). The emetic data in the ferret described in this report are fit well
by all three models, as seen by the similar quantile doses generated by all three (see
Table I). The inclusion of retching as an emetic episode within the prodromal period
lowers the calculated quantile dose values, yet the quantile doses remain very similar
across models. The value obtained from the Weibull distribution was chosen to repre-
sent the EDs, value because this distribution appears to be the most flexible mathe-
matical model of the three. In addition, the other two models fail to generate reason-
able 95% confidence limits (see Table ).

Since the inclusion of retching episodes within the prodromal period lowers the
quantile dose values, this suggests that some error can be introduced by their exclu-
sion. For example, some nonhuman primate studies have differentiated between
retching and emesis, or excluded retching, because of the problems associated with
food that is regurgitated into cheek pouches and later swallowed (//, 32). However,
ferrets do not store food in cheek pouches. Given this observation, and the fact that
retching differs from emesis only in its opposite intrathoracic pressure developed
against an open rather than closed glottis (25), retching is included as an emetic epi-
sode to calculate the EDsq (€.8., 77 cGy).

Compared with other species, the observed threshold and calculated EDs, values
for radiation-induced emesis in the ferret are lower. As reported here, these values
are 69 and 77 cGy, respectively. For the canine, the threshold is near 150-170 cGy
(3. 10) and the EDs, is 258 ¢Gy (3). For the nonhuman primate these values are,
respectively, 400 and 446 cGy (11). For man these values are, respectively, 170-180
¢Gy (9) and 230 cGy (8).

The latency of radiation-induced emesis in the ferret is also dramatically shorter
than that observed in other species. This is emphasized when the emetic latency to a
single radiation dose at a fixed dose rate is compared across species. Using the 100
¢Gy min™! dose rate employed here and a dose of 600 cGy, the following latencies to
emesis occur: ferret—8.5 min (see Fig. 3), nonhuman primate—45 min (33), and
canine— 100 min (27). The latter two doses were free in air, rather than absorbed. At
45 cGy min™', with doses ranging from 100 to 600 cGy, man vomits in about 52-63
min (34). The duration of the prodromal period, as measured by the occurrence of
emesis and/or retching, lasts 1-1.5 h for all species.

Dopaminergic Receptor Activation in Ferret Emesis

The dopaminergic response of the ferret markedly differs from that of other species.
Clearly man (4) and canine (5, 6, 27) vomit in response to low doses of apomorphine.
Nonhuman primates require a near-lethal dose to demonstrate emesis (12, 35). Fe-
lines require much greater doses than do canines and their response is inconsistent
(13, 36), like that of the ferret.

The variable emetic response to low doses of apomorphine in the ferret, like that
reported here, has been reported by others(21, 19). In a similar fashion, Andrews and
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co-workers (21) have found a “bell-shaped” dose-response curve for apomorphine-
induced emesis and a longer latency to greater doses than to lower doses. In contrast,
however, Andrews finds 100 ug/kg apomorphine (sc) to be 100% emetic. Andrews
also finds that 5 mg/kg apomorphine (iv) produces no emesis or retching whereas
Floryczk et al. (20) report this dose (also iv) produces 100% emesis. Such differences
may be attributed to strain, although the American laboratory ferret is descended
from the English species. Alternatively, the differences could be in response to hor-
monal or other changes induced by castration or rabies vaccination, neither of which
is done in the United Kingdom.

The 5 mg/kg doses of apomorphine (20) produced a dopaminergic excitability last-
ing for up to 4 h, clearly suggesting CNS involvement. The cat also shows this hyper-
activity (28). That the excitability can also occur following lower doses, as reported
here, implies a complex action of apomorphine in the ferret. The precise determi-
nants of this action are poorly understood.

Given the variable sensitivity of ferrets to apomorphine, it.is not surprising that 1
mg/kg domperidone does not antagonize radiation-induced emesis in this species.
The weak antagonism of even higher doses (3-6 mg/kg) against radiation-induced
emesis in the ferret (16, 17) may result from domperidone’s progastrokinetic action
(37). In man, domperidone is an effective antiemetic for radiation at maintained
doses of less than 1 mg/kg (38-40). This is also true for the canine at 0.6-1.0 mg/kg
(41, 42). In the nonhuman primate, however, I mg/kg does not alter radiation-in-
duced emesis (43). This once again emphasizes the differences among the species
and raises the issue of whether the presence of an emetic response to dopaminergic
compounds is a reliable predictor of the emetic response to radiation.

The Ferret as an Animal Model for Radiation-Induced Emesis

In summary, the ferret emetic response to radiation differs from that in other spe-
cies with regard to both its lower threshold and earlier onset. Such sensitivity to radia-
tion can be a valuable tool for investigators. The ferret has only recently been intro-
duced as an animal model to study emesis per se. Thus it remains to be seen which
central and peripheral factors contribute to emesis in this species. It is clear that dopa-
minergic mechanisms have little, if any, role in radiation-induced emesis in the ferret.
The degree to which serotonergic mechanisms are involved in radiation-induced
emesis (17), as they are in cytotoxin-induced emesis, is poorly understood (44-47).
The role of the peripheral nervous system in radiation-induced emesis in the ferret
has been partially described by Andrews and others (16, /7), who have found vagot-
omy to delay the first emetic episode to 600 cGy radiation. Whether area postrema
lesions alter this emetic response is unknown.
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SUMMARY

Hematopoietic stem cells (HSC) are present in the marrow at a concentration of approximatety 2-3
HSC per 1000 nucleated marrow cells. In the past, only clonogenic assays requiring 8-13 days and ten
irradiated recipient rodents were available for assaying HSC. Because of the importance of HSC in the
postirradiation syndrome, we have developed a new rapid method based on flow cytometry not only to
assay but also to purify and characterize HSC. This new method makes extensive use of monoclonal an-
tibodies conjugated to fluorescent phycobiliproteins through the sulfhydryls of the hinge region of the
182G molecule. An optical bench arrangement with a dye laser and an argon laser was used for dual excita-
tion of the phycobiliprotein-monoclonal antibody conjugates and various cellular and DNA probes. Us-
ing 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) exclusion to identify viable cells, it was
possible to follow regeneration of postirradiated rat marrow HSC.

INTRODUCTION

Considerable evidence exists that all blood cells are derived from HSC. These cells
are of interest to radiobiologists because they are highly sensitive to low doses of
jonizing radiation [1]. In the rodent HSC, as measured by the CFU-S assay, are
characterized by a Do of 0.8-1.0 Gy. As such, doses greater than 9 Gy effectively

Address for correspondence: Dr. K.F. McCarthy, Department of Radiation Biochemistry, Armed
Forces Radiobiology Research Institute, Bethesda, MD 20814-5145, U.S.A.

Abbreviations: HSC, hematopoietic stem cells; DAPI1, 4',6-diamidino-2-phenylindole dihydrochlor-
ide; FITC, fluorescein isothiocyanate; PhyB, phycoerythrin B; PhyR, phycoerythrin R; APC, allophyco-
cyanin; MMB, maleimidobutyryl biocytin; TBR, total body irradiation; FDA, fluorescein diacetate; PI,
propidium iodide; CFU, colony-forming unit; FACS, fluorescence-activated cell sorting; UV,
ultraviolet; NBR, Norway Black Rat; WGA, wheat germ lectin; PMT, photomultiplier tube.
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sterilize the HSC compartment. If not rescued by bone marrow grafting, the lethally
irradiated individual will eventually die, primarily from bleeding and sepsis, due to
the inability to replenish blood cells from HSC. Therefore, it is of importance to
understand how radiation damages these HSC in order to prevent this damage or
to devise methods by which the damaged HSC may be replaced in the irradiated in-
dividual.

The major difficulty in studying directly the interaction of ionizing radiation with
the HSC is the scarcity of these cells in the marrow and the lack of a distinguishing
feature necessary for their accurate and rapid identification. In the rat, HSC com-
prise less than 0.3% of the total marrow hematopoietic cells [2,3]). In the past, ef-
forts to isolate the HSC used physical techniques such as density gradient
centrifugation in isotonic media, sedimentation velocity, elutriation, elec-
trophoresis, nylon wood filtration, and plastic adherence. These techniques usually
result in purification of less than 10-fold, which is well short of the 300-fold-plus
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purification necessary to generate a pure HSC population. For this reason this
laboratory and others [4] have made extensive use of the techniques of flow
cytometry and/or fluorescence-activated cell sorting (FACS) [5] for the isolation
and identification of HSC.

MATERIALS AND METHODS
Flow cytometry and sorting

Flow cytometry measurements and cell sorts were performed on a dual laser Bec-
ton Dickinson FACS 11 cell sorter interfaced to a Consort 40 computer system. The
optical bench arrangement of the dual lasers is shown in Fig. 1.

Phycobiliproteins

Studies on the isolation and characterization of HSC have made extensive use of
a new class of fluorescent proteins referred to as phycobiliproteins [6]. These
fluorescent proteins are isolated from cyanobacteria (blue-green algae) and red
algae. They show maximum absorbance in the 470-650 nm region, and fluorescence
emission bands begin in the orange (550 nm) and extend into the far red. The molar
fluorescence intensity of phycoerythrins is up to 20 times that of fluorescein isothio-
cyanate (FITC). Several different proteins are included in the phycobiliprotein fami-
ly. We have used primarily phycoerythrin B (PhyB) and allophycocyanin (APC).
The excitation and emission spectra of these two phycobiliproteins are shown in Fig.
2.

Lasers and optical bench arrangement

Because both phycoerythrin R (PhyR) and FITC have an absorbance maximum
between 490 and 496 nm but emit at different wavelengths (in green and orange,
respectively), most dual parameter immunofluorescence work is performed using
the strong 488.0 nm spectral line of the argon laser to excite both PhyR- and FITC-
conjugated monoclonal antibodies bound to cell surface determinants. However, we
have chosen to label two different monoclonals with two different phycobiliproteins
rather than one phycobiliprotein and FITC {3]. We have found that excitation for
both APC and PhyB can be performed effectively with the krypton laser tuned to
the $30.9 nm spectral line, by an argon laser tuned to the 528.7 nm spectral line,
or by a dye laser (rhodamine 110) tuned to approximately 545 nm. Further, we have
shown that APC can also be excited with the 488.0 argon laser spectral line, allowing
3-parameter immunofluorescence studies (APC, PhyB, and FITC) to be performed
with a single laser. However, it was determined that the best results are obtained
when the dye laser is used as the primary laser and the argon laser (tuned to the 488
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nm or UV spectral lines) is used as the delayed or secondary laser. This optical bench
arrangement allowed us to not only identify the HSC with the dve laser but also to
analyze and characterize the HSC with the argon laser.

Conjugation of monoclonal antibodies to phycobiliproteins

It was found previously [2] that incubation of marrow cells with the monoclonal
antibody Ox7 restricted the generation of splenic hematopoietic colonies (see section
HSC assays), presumably due to initiation of in vivo cellular cytotoxic events by the
Fc region of the bound 1gG molecule. This problem can be avoided by digesting the
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monoclonal antibody with pepsin, which produces the F(ab'); fragment. The
F(ab'’); fragment is then reduced with Cleland’s reagent, and the Fab' with its free
sulfhydryl is linked through a thioether bond to the maleimide-phycobiliprotein
conjugate. Although time consuming, this technique has proven to be a reliable
method of conjugating monoclonal IgG to phycobiliproteins. The following
monoclonal antibodies have all been conjugated to either PhyR, PhyB, or APC us-
ing this technique: W3/13, Ox22, Ox7, W3/25, Ox19, Ox8, and My10 [2,3]. These
conjugates generate a more intense signal than can be achieved using the sandwich
technique, which uses FITC-antimouse IgG antibody as the second antibody. There
are other benefits of this technique. The Fab’-phycobiliprotein conjugates have a
long shelf life (greater than a year) when stored at 4°C in 0.01% sodium azide.
There is an absence of binding to F¢ receptors, they are stable when shipped through
the mail, and it is easy to perform 3-parameter immunofluorescence studies by using
FITC-antimouse IgG Fc-specific antibody as the second reagent in the sandwich
technique (7).

A variation of the conjugation technique described above is as follows.
Maleimidobutyryl biocytin (MMB) is substituted for the maleimidephyco-
biliprotein, the result being biotinylation of the free Fab’' sulfhydryl group.
Following incubation of cells with the biotinylated Fab’ antibody, avidin con-
jugated to either FITC or phycobiliprotein is added {3]. Unfortunately, this techni-
que does not work with all monoclonal antibodies. For example, it works well with
Ox8 but not with W3/13 or Ox22.

Animals

Lewis rats (male, 6-8 weeks old) were obtained from Charles River Labs
(Kingston, NY) and were quarantined on arrival and screened for evidence of
disease before being released from quarantine. They were maintained in an
AAALAC-accredited facility in plastic Micro-isolator cages on hardwood chip con-
tact bedding and were provided with commercial rodent chow and acidified tap
water ad libitum. The rats were on a 12 h light/dark full spectrum with no twilight.
Total body irradiation (TBR) was delivered with an opposing *®Co radiation source
as described previously [3]. Rats were killed by exsanguination while under meth-
oxyfurane inhalation anesthesia. Irradiated rats were given 1 mg/ml tetracycline in
their drinking water. Rats were cared for according to principles enunciated in the
Guide for the Care and Use of Laboratory Animals Resources, National Research
Council.

HSC assays

Three different HSC assays were used to measure the degree of HSC purification.
They were the CFU-S assay (2], the 30-day survival of lethally irradiated recipient
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rats [3), and the intrathymic injection of histocompatible, T-cell allotype disparate
donor stem cells [7). The CFU-S assay was performed as follows: irradiated rats (9
Gy ®Co TBR, 0.4 Gy/min) were grafted by intravenous injection of bone marrow
cellular suspensions or purified HSC. In the rat, approximately 3-10% of the stem
cells seed the spleen [2], proliferate, and form discrete colonies of hematopoietic
cells. The number of colonies formed is proportional to the number of HSC in-
jected. This clonogenic assay is cumbersome: 11~13 days, and a large number of ir-
radiated recipient animals, are required to perform this assay. The second assay
involves grafting of HSC in order to protect lethally irradiated rats from the lethal
effects of irradiation. Rats receive a dose of 9.5 Gy ®°Co TBR, 0.4 Gy/min. The
rats are then grafted with either normal marrow or purified HSC. The ratio number
of normal marrow cells or purified HSC required to rescue the lethally irradiated
rat is used to calculate the degree of purification of HSC. This assay is generally
considered to be a more accurate assay for HSC than the CFU-S assay, which ap-
pears to measure committed as well as multipotent HSC [8)]. The third assay used
was the direct injection of either normal or purified Lewis rat HSC into the thymus
of sublethally irradiated (8 Gy ®Co TBR, 0.4 Gy/min) Norway Black Rat (NBR)

TABLE 1
MONOCLONAL ANTIBODIES RECOGNIZING DETERMINANTS ON RAT LYMPHOCYTES
Monoclonal antibody® Antigenic determinant recognized Cell population recognized
Ox2 Glycoprotein on thymocyte B-cells, neuronal endothelial cells,
membrane thymocytes, dendritic cells
Ox3 Polymorphic determinant on B-cells, some epithelial cells,
rat fa dendritic cells
Ox4 Polymorphic determinant on B-cells, 20% of thymocyies
rat la
Ox6 Monomorphic determinant on B-cells, 20% of thymocytes
rat la
Ox7 Rat Thy-1.1 antigen Thymocytes, stem cells, neuronal
cells, immature B-cells
Ox8 Glycoprotein determinant on Cytotoxic, suppressor T-cells,
thymocyte membranes NK, thymocytes
Ox12 Rat kappa chains B-cells
Ox17 a-Chain rat la-antigen B-cells
Ox18 Monomorphic determinant rat Class 1 MHC (RT-1A)
class [ MHC
Ox19 Glycoprotein on thymocytes Thymocytes, peripheral T-cells
Ox22 High molecular weight form of B-cell, some T-cells
leukocyte common antigen
Wi/13 Sialoglycoprotein of rat thymocytes Thymocytes, peripheral T-cells,
granulocytes
W3/28 Glycoprotein on helper T-cells Helper T-cells, thymocytes

*Mason et al. [17).
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recipient rats [9]. After an extended incubation period, the HSC proliferate and dif-
ferentiate into thymocytes. The number of newly generated thymocytes is measured
by the use of the allogeneic system designated as RT 7. Lewis rats express the RT
7.1 antigen on thymocytes while the histocompatible NBR rats express the RT 7.2
antigen. Using the monoclonal antibodies BC-84 and 8Gé6.1, which recognize RT 7.1
and RT 7.2, respectively, the number of donor thymocytes (from Lewis marrow
cells) that appear 18 days postinjection is a linear function of the number of cells
injected. This assay establishes the origin of the newly formed thymocytes. Further,
the thymus is an avascular organ and this minimizes the escape of the injected HSC
into the circulation. The main advantage of this assay is its sensitivity, as it is 50
times more sensitive than the CFU-S assay [10].

Cell preparation and staining

Rat marrow cells were prepared as described previously [3]. Staining with fluores-
cein diacetate (FDA) was performed according to the Hale and McCarthy method
(11]. Cells were tagged with FITC-wheat germ lectin (FITC-WGA) according to the
method of Visser et al. {12]. DAPI (1 mg/ml in distilled water) and propidium
iodide (PI) (1 mg/ml in ethanol) were added to a cell suspension at a final concentra-
tion of 10 ug/ml and 20 ug/ml, respectively.

RESULTS
HSC characterization and isolation

The ideal solution to measuring the concentration of marrow HSC is to develop
a monoclonal antibody to a membrane antigenic determinant expressed only on the
HSC and no other marrow cell. Conjugation of this antibody with the appropriate
fluorochrome would then allow fluorochrome-tagged HSC to be identified and
separated from the remainder of the marrow by cell sorting. Unfortunately, no such
unique HSC antigen has been identified to date. In order to isolate the HSC, it was
necessary to label marrow hematopoietic cells with a ‘cocktail’ of fluorochrome-
conjugated monoclonal antibodies and/or lectins and to identify the HSC by pat-
tern recognition. A partial list of monoclonals used and their specificities is
presented in Table I.

The combination of conjugated antibodies that proved to be optimum for HSC
identification was APC-Ox7 Fab', PhyB-Ox22 Fab’, and FITC-W3/13 IgG. A cor-
related dual parameter plot of marrow cells tagged with the above-mentioned an-
tibodies and excited with a dye laser (rhodamine 110) tuned to 545 nm is shown in
Fig. 3. The HSC was found exclusively in the Ox7 upper 20% positive, Ox22
negative window [3,7). The purification of HSC as measured by the CFU-S assay,
survival following lethal irradiation, and intrathymic injection are presented in
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Fig. 3. Contour plot of rat marrow cells labeled with PhyB-Ox22 Fab’ and APC-Ox7 Fab’. HSC were
found only within the Ox7 upper 20% positive, Ox22 negative window and cells within this window ac-
counted for 0.265% of the total marrow cell population.

Table I1. There is a discrepancy between the CFU-S assay and the other two assays
for measuring HSC purification. We believe this is due in part to an obligatory step
of HSC lodgement in bone marrow before it can express itself in the spleen as a
CFU-S assay [13}. Further, a more complex, dual laser, 3-parameter im-
munofluorescence study using a second argon laser tuned to 488 nm and FITC-
W3/13 as the third antibody showed that the Ox7 upper 20% positive, Ox22
negative cells to be primarily W3/13 dim (80-90%) and the remainder W3/13
positive (data not shown).

Using the sandwich technique [7], it was possible to further characterize the HSC
as being Ox8, W3/2S, Ox6 and Ox17 negative; possibly Ox19 dim; and Ox18 very
bright. The specificities of these monoclonal antibodies are given in Table I. The
optical bench arrangement shown in Fig. 1 can also be used to characterize HSC
with respect to lectin receptor sites and various intracellular enzyme systems. For
example, the rat HSC binds FITC-WGA and is apparently characterized by a high
cytoplasmic concentration of nonspecific esterases as measured by FDA uptake as
shown in Figs. 4 and §.

TABLE 11

ASSAYS FOR ANALYZING PURIFICATION OF STEM CELL POPULATIONS
Route of injection Assay system Stem cell purification
i.v. CFU-S 100

i.v. Irradiated recipient survival 350

it. Intrathymic adoptive transfer 282
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Fig. 4. Relative fluorescence distribution of marrow cells and HSC incubated with FITC-wheat germ ag-
glutinin.

Comparison of dose survival curves generated by the CFU-S and FACS assays

HSC were assayed in irradiated rats by both the CFU-S and FACS procedures.
These two assay systems generated different results as shown in Fig. 6 and reported
previously [14]. One of several possible explanations for this discrepancy might be
nonspecific tagging of dead and dying cells with the phycobiliprotein-monoclonal
antibody conjugates so that these dead cells are scored as HSC by the FACS pro-
cedure, leading to overestimation of the concentration of viable HSC in the marrow

Al
HsC Marrow Cefis

FOA Fluorescence (Log)

Fig. 5. Relative fluorescence distribution of marrow cells and HSC incubated with FDA.
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Fig. 6. Radiation dose-response curves for HSC as measured by FACS and CFU-S assays.

of postirradiated rats. Therefore, a new technique was devised for determining and
enumerating viable marrow cells, including HSC, in the immediate postirradiated
marrow.

DAPI staining of dead cells

The most commonly used fluorescent probe in flow cytometry for staining and
gating out dead cells from immunofluorescence histograms is PI. It is an inter-
calating DNA dye with an absorbance maximum in the yellow and an emission max-
imum in the orange-red (for a more comprehensive discussion of DNA stains, see
[15]). Dead cells are labeled with PI by including it in the last cell wash at a concen-
tration of 20 ug/ml. Live cells exclude the P1 while dead cells take up the stain. The
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result is an intensive orange-red nuclear fluorescence emanating from the dead cells.
Although the fluorescence of PI overlaps that of PhyB and PhyR, PI can be used
to gate out dead cells in 2- and 3-parameter immunofluorescence studies. The
orange-red fluorescence of the Pl-stained dead cells is an order of magnitude
brighter than the immunofluorescence from the PhyB- or PhyR-antibody-tagged
viable cells and does not interfere with or alter the immunofluoresceuce histograms
of viable cells. However, the immunofluorescence histograms of dead and dying
cells cannot be determined in the presence of PI, for the PI fluorescence cannot be
separated from the PhyB or the PhyR fluorescence. In order to determine the
phenotype of dead cells it was necessary to use a fluorescent probe whose emission
spectrum did not overlap that of FITC, Phy, or APC. Such a fluorescent probe is
DAPI.

DAPI is a nonintercalating DNA-specific stain with an absorption maximum in
the UV and an emission maximum in the blue [15]. Like Hx33342, DAPI can be
excited with the argon laser tuned to the UV and the resulting fluorescence can be
detected using the 460 nm PMT (Fig. 1). In order to demonstrate that DAPI stains
only dead cells, 20 ug P1 and 10 ug DAPI were added to a 1 ml solution of 5 x 10°
rat marrow cells. The cells were allowed to incubate for 30 min at 4°C and then
analyzed on the FACS. The Pl-stained cells were excited with the dye laser and their
fluorescence measured with the orange PMT, while DAPI-stained cells were excited
with the UV laser and their fluorescence recorded on the violet-blue PMT. The cor-
related PI and DAPI fluorescences are plotted in Fig. 7. Clearly, marrow cells that
stain with PI (i.e., dead cells) also stain with DAPI. Viable cells that do not stain
with PI also exclude DAPI. Therefore, substituting DAPI for PI as a cell viability
stain allows not only dead cells to be gated ‘out’ of 2-parameter im-
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Fig. 7. Contour plot of rat marrow cells labeled with P1 and DAPL.
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Fig. 8. Contour plots of viable (4) and dead (B) cells labeled with APC-Ox7 Fab’, PhyB-Ox22 Fab’,
and DAPI. DAPI fluorescence was determined with the delayed or second laser and is not shown. Viable
cells are DAPI negative while dead cells are DAPI positive. Time sequence from top to bottom is as
follows: (1) normal marrow, (2) 3 h postirradiation, (3) 1 day postirradiation, (4) 3 days postirradiation,
and (5) § days postirradiation. Contour maps were drawn as a percent of peak amplitude at increments
of 5%, 25%, 45%, 65%, and 85%. Radiation was 2 Gy TBR ®Co at a dose rate of 0.04 Gy/min.
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munofluorescence work but also makes it possible to gate ‘on’ dead cells for the
analysis of both the rate and phenotype of dying cells in the postirradiated rat mar-
row. Such a study is shown in Fig. 8, where the phenotypes of viable and dead cells
are presented as a function of time postirradiation. The first cells to die immediately
postirradiation appear to be blast cells and erythrocytic precursors, followed by
lymphocytes at 1-3 days postirradiation and granulocytes at 4-5 days postirradia-
tion. Further information on the dead cell fraction in the total marrow population
and the dead cell fraction within the Ox7 upper 20% positive, Ox22 negative win-
dow or HSC window is given in Table 111.

DISCUSSION

New techniques were developed for the identification of rat HSC in normal mar-
row by flow cytometry using a modified FACS-II instrument. When these tech-
niques were used to monitor the concentration and regeneration of HSC in the
postirradiated rat, discrepancies between the CFU-S assay and the FACS assay for
determining the relative size of the postirradation HSC compartment became ob-
vious. The results presented in the present study indicate that part of the difference

TABLE i1
PERCENT DEAD CELLS INCLUDING HSC IN POSTIRRADIATED RAT MARROW
Experiment Total % Total HSC/10° % HSC Corrected HSC/femur
cells/ cells DAP1* cells DAPI* HSC/10°
femur x cells
107
Control®
| 3.20 0.8 307 20 301 96320
2 4.80 0.5 408 0.2 407 195 360
Irradiated®
3h \ 2.30 233 1071 63.4 392 90409
2 1.75 24.6 1104 67.8 355 62210
6h 2 1.30 26.9 347 24.2 263 34193
2 1.10 239 416 23.8 17 34869
24 h 1 0.80 4.7 463 14.7 395 3159S
2 0.55 11.7 277 22.0 216 11883
0h 1 0.55 12.8 252 7.9 232 12765
2 0.32 17.6 250 16.0 210 6720
3 days 1 2.70 19.3 78 2.6 78 20512
2 2.47 - - - - -
5 days 1 2.95 17.6 117 17.9 96 28336
2 122 45.1 67 16074

2.40 31.2

*Each experiment consisted of two rats.
®Experiment performed on rats receiving 2 Gy ®Co TBR, dose rate 0.4 Gy/min,
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between these two assays can be explained by the presence of dead and dying cells
in the Ox7 upper 20% positive, Ox22 negative window or the HSC window. If these
cells are either dead HSC or nonspecifically phycobiliprotein-antibody-tagged dead
cells, then the number of surviving HSC as determined by the FACS assay would
be overestimated. However, the total difference between the phenotypic FACS
assay and the clonogenic CFU-S assay cannot be fully accounted for by the presence
of dead and dying cells in the HSC window. It is conceivable that the difference that
remains between the two assays after subtracting out these dead and dying cells from
the total number of cells found within the HSC window represents damaged ir-
radiated HSC that do not express themselves in the CFU-S assay [14].

The present optical bench arrangement and computer support limit us to
4-parameter cellular measurements, which are a forward light scatter measurement,
two immunofluorescence measurements, and a DAPI-DNA fluorescence measure-
ment. Therefore, enumeration of dead cells could be undertaken only in the Ox7
upper 20% positive, Ox22 negative window and not in the Ox7 upper 20% positive,
Ox22 negative, W3/13 dim window. There is the possibility, although slight, that
in a 3-parameter immunofluorescence analysis of the postirradiated HSC compart-
ment, dead cells would not appear in the Ox7 upper 20% positive, Ox22 negative,
W3/13 dim window. To perform this experiment, a 5-parameter flow cytometer
would be needed.

The above limitations notwithstanding, the present FACS assay of postirradiation
rat marrow indicates that at least 30 h is required for removal of dead and dying
HSC from the marrow. At this time the initial regeneration of the HSC compart-
ment can be observed by both the FACS (Table 11I) and the CFU-S assays [16]. HSC
renewal, therefore, begins while there is still extensive cell death occurring in the
marrow lymphocyte and granulocyte compartments. What influence this continued
hematopoietic cell death has on the stromal tissues that support hematopoiesis and
on regenerating HSC is an important question to be addressed if we wish to improve
therapies for rapid recovery of the postirradiated marrow.
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MELE, P. C.. C. G. FRANZ AND J. R. HARRISON. Effects of sublethal doses of ionizing radiation on schedule-
controlled performance in rats. PHARMACOL BIOCHEM BEHAYV 30(4) 1007-1014, 1988.—Male rats responded under a
fixed-ratio (FR) 50 or a fixed-interval (F1) 120 sec schedule of milk delivery. Separate groups were acutely exposed t0 0.5,
1.5, 4.5 or 0 (FI only) Gray (Gy) of cobalt-60 gamma radiation 3 times at 43-day intervals. All rats received an acute dose of
6.5 Gy 64 days after the last of these exposures. One-half and 1.5 Gy did not alter FR or Fl performance significantly. After
4.5 Gy. no abservable changes in performance occurred within 1 hr of exposure. Maximal reductions in FR response rates
occurred 24 hr after exposure and recovery followed over the subsequent 72 hr. Postreinforcement pause was increased
and running response rate was decreased by 4.5 Gy. Similar effects were found after each 4.5 Gy exposure. In contrast. Fl
performance (overall response rate, postreinforcement pause, running response rate, index of curvature) was not altered
reliably by 4.5 Gy. Both FR and F) response rates were reduced by 6.5 Gy beginning 24 hr after exposure: FR rates tended
to be reduced more than FI rates 24-72 hr after exposure. Response rates under both schedules recovered gradually over 7
weeks. The behavioral effects of 6.5 Gy did not vary as a function of irradiation history. In contrast, irradiation history
affected survival in that 4/9 rats previously exposed to 4.5 Gy died during weeks 4-5 after 6.5 Gy, whereas there were no
deaths in the rats previously exposed to lower doses. Radiogenic disruption of operant performance was dose-related,

reversible, noncumulative and dependent on the schedule of reinforcement.

lonizing radiation Sublethal doses

Repeated exposures

FR, Fl performance

IONIZING radiation became of interest nearly a century ago
after Roentgen’s discovery of X-rays in 1895 [35]. Since that
time, both the beneficial and detrimental effects of ionizing
radiation have received much attention. Human exposure to
ionizing radiation above background levels has occurred
through clinical treatment, the work place environment,
industrial accidents, and immediate and delav~d effects of
nuclear weapon detonations [19]. Recent accidcats at the
Three Mile Island [1] and Chernobyl {2,21] nuclear power
plants point to the current possibility of large-scale popula-
tion exposure to radiation. The problems posed for manned
space travel by ionizing radiation are receiving a growing
amount of attention [4, 28, 36].

Exposure to ionizing radiation produces a dose-depend-
ent sequella of signs and symptoms that progresses over
time [19,33). In humans, early effects of relatively low
doses of radiation may include weakness, fatigue, nausea,
vomiting, anorexia, and headache. These effects have a la-

tency to onset of several hours and may last for hours, days
or weeks [40). As the dose of radiation is increased up to the
30 day LD;,, hemopoietic damage (loss of functional blood
cells) occurs in most mammals and increases in severity for
up to 4-6 weeks after expousre [33]. Further increases in
dose produce lethal gastrointestinal damage within 1-2
weeks of exposure, while yet higher, supralethal doses
produce cardiovascular shock, neuronal damage and death
within hours or days.

Dose- and time-related changes in the behavior of animals
following expousre to ionizing radiation have been studied
for some time (see [18,25) for reviews). Included among the
behaviors studied are locomotor activity [23.29.32]. motor
performance [5,13]. food and water intake [29.31], con-
ditioned taste aversion [34], maze performance [14.16].
conditioned avoidance responding [12,20]. and responding
maintained by schedules of positive or negative reinforce-
ment [7-11, 22, 39]. Typically, ionizing radiation depresses

"This work was supported by the Armed Forces Radiobiology Research Institute (AFRRI). Defense Nuclear Agency, under work unit
B4158. Views presented in this paper are those of the authors; no endorsement by the Defense Nuclear Agency has been given or should be
inferred. Research was conducted according to the principles enunciated in the **Guide for the Care and Use of Laboratory Animals’
prepared by the Institute of Laboratory Animal Resources, National Research Council, DHEW Pub. No. (NIH) 85-23, 1985. AFRRI is

fully accredited by the American Association for Accreditation of Laboratory Animal Care.
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behavioral output with the magnitude and duration of effect
being directly related to the dose administered. Behavioral
recovery generally occu:s after sublethal expousre.

The present study was conducted to more thoroughly
evaluate the dose- and time-related effects of acute. sublet-
hal exposure to ionizing radiation on schedule-controlled
performance in rats. Fixed-ratio (FR) and fixed-interval (FI)
schedules of reinforcement [15] were used here because it is
well documented that they provide sensitive behavioral
endpoints for detecting and measuring expousre to a wide
variety of drugs and toxic agents [24,37]). Several studies
have examined the short-term effects of one type of ionizing
radiation (X-rays) on FR performance [7-9. 39]: there are no
published reports to our knowledge on the effects of ionizing
radiation on FI performance. Radiation-induced changes in
rates and patterns of responding were evaluated for up to
seven weeks after acute exposure in order to more thor-
oughly describe time-course effects. It was of particular in-
terest to look for temporal relationships between the behav-
ioral and the well documented physiological effects of ioniz-
ing radiation mentioned above. Individual animals received
multiple exposures to ionizing radiation to determine
whether cumulative effects might occur under the conditions
used here.

METHOD

Animals

Thirty-five experimentally naive male rats [Crl:
(CDXSD)BR] (VAF/Plus) were used. The rats were 90-120
days old at the start of the experiment and were maintained
at approximately 80% of their free-feeding body weights.
Rats were quarantined on arrival and screened for evidence
of disease. They were individually housed in plastic Micro-
isolator cages containing sterilized woodchip bedding; com-
mercial rodent chow and acidified tap water were provided.
Animal holding rooms were maintained at 21+1°C with
50+ 10% relative humidity using at least 10 air changes per
hour of 100% conditioned fresh air. A 12-hr lighting cycle
was in effect with full-spectrum lights on from 0600~ 1800.

Apparatus

Six operant conditioning chambers were used (Coulbourn
Instruments, Inc.). The front wall of each chamber contained
a response lever mounted on a microswitch, a set of three
cue lights located above the lever. a house light, a Sonalert
speaker and an opening that allowed access to a dipper that
presented 0.06 ml of sweetened condensed milk (a 1:1 mix-
ture of Bordens Eagle Brand and tap water). Each chamber
was enclosed in a sound- and light-attenuating compartment
which also contained an exhaust fan for ventilation and a
speaker for the presentation of white masking noise. Control
of experimental stations and recording of data were accom-
plished with a PDP8 computer and cumulative recorders lo-
cated in an adjoining room.

Behavioral Procedure

Animals were trained to press the lever using an auto-
mated procedure that consisted of two schedules of milk
delivery being in effect simultaneously. A variable-time (VT)
schedule presented the dipper automatically on the average
of every 60 sec, while an FR 1 schedule presented the dipper
after each leverpress. Presentation of the dipper lasted for §
sec and was signalled by a light over the dipper and the
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Sonalert tone; the house light and cue lights were extin-
guished during dipper presentation. The VT schedule was
discontinued after 10 responses had been made within a
single daily session. Sessions lasted for 60 min or until 100
responses had been made, whichever occurred first. After an
additional one or two sessions under FR 1, 15 rats were
exposed to a series of incremental FR schedules over several
weeks until the final FR 50 schedule was in effect. The re-
maining 20 rats were exposed to an incremental series of FI
schedules until the final F1 120 sec schedule was in effect.
Under FI schedules, reinforcers are delivered for the first
response occurring after the interval has elasped; responses
occurring prior to the end of the interval have no pro-
grammed consequences. Session duration was 30 min for FR
and 60 min for FI. Training was conducted until the perform-
ance of each rat was stable (no consistent trends in rates and
patterns of responding from day to day over three to five
consecutive weeks). After responding had stabilized the first
radiation phase was begun.

Radiation Procedure

Rats were assigned to radiation dose groups (n=4-5 per
group) such that group mean baseline response rates were
similar within each reinforcement schedule. Animals from
different dose groups were balanced across test chambers
and time of day for testing to the extent possible.

Bilateral, whole-body. midline tissue doses of 4.5, 1.5, 0.5
or 0 (FI only) Gy of gamma photon radiation were delivered
at a fixed rate of 2.5 Gy/min from a cobalt-60 source. Each
rat received its designated dose of radiation three times at
43-day intervals. A final irradiation with 6.5 Gy was given to
all rats 64 days after the third exposure. The time intervals
between exposures were chosen to allow for (1) testing over
at least 30 days after exposure. the conventional time period
for expressing radiobiological LD, data (the LDy, for gamma
radiation in the rat is 9.5 Gy [6]). and (2) the collection of
sufficient control data prior to the next exposure.

Rats were placed in well ventilated, clear plastic restrain-
ing tubes for irradiation. Test sessions began 5 min after
exposure ceased. Sham exposures, consisting of placing the
animals in the tubes and transporting them to the exposure
room, were conducted on at least eight occassions prior to
the first irradiation. Forty-six days after the last exposure, all
surviving rats were euthanized with an overdose (80 mg/kg)
of [P pentobarbital. Tissue and blood samples were taken for
general pathological evaluation. Rats not surviving until this
time underwent pathological evaluation whenever possible.

Data Collection and Analysis

Animals were tested five days per week, Monday through
Friday, throughout the first three exposure phases. Follow-
ing the fourth (6.5 Gy) exposure animals were tested for 12
consecutive days and then five days per week thereafter. All
exposures occurred on a Monday and rats were always
tested on the immediately preceeding Sunday. Prior to each
exposure control data were taken from 6-7 sessions.

Individual performance measures calculated for each
session for FR and FI responding included mean overall re-
sponse rate, postreinforcement pause duration and running
response rate. Overall response rate was calculated by divid-
ing the total number of responses emitted by the total session
time (excluding the time the dipp:r was raised). The
postreinforcement pause was defined as the time elapsed
from the end of a dipper presentation until the first response
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FIG. 1. Effects of gamma radiation on FR 50 response rates. Each
panel represents a separate group of five rats. Each group was ex-
posed to the indicated dose of radiation on three separate occasions
at 43-day intervals. Session | began 5 min after exposure ceased.
Subsequent sessions occurred at 24-hr intervals. Monday through
Friday. over 30 days following irradiation. Points at C represent
group mean control data for each of the three irradiations: vertical
lines indicate =1 SEM. Group means are based on the mean re-
sponse rate of each rat across 6-7 sessions prior to irradiation.

of the next ratio or within the next interval. Running re-
sponse rate was the response rate calculated with the
postreinforcement pause omitted. Since responding under Fl1
schedules typically occurs at an increasing rate as the inter-
val times-out, the index of curvature was calculated to pro-
vide a measure of this temporal distribution of responses [17]

Performance measures were analyzed statistically using
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analysis of variance with the Greenhouse-Geisser correction
for repeated measures [27]. Subsequent comparisons between
pairs of means were performed with /-tests. Since virtually
all of the studies examining radiation-induced changes in
schedule-controlled responding have reported that response
rates or frequencies were reduced following exposure, one-
tailed tests were used when possible as reductions in re-
sponse rates were expected. The alpha level for significance
was set at 0.05.

RESULTS

Changes in FR response rates as a function of radiation
dose and repeated irradiations are presented in Fig. 1.
Neither 0.5 (top) nor 1.5 (middle) Gy of gamma radiation
altered group mean response rates over 22 test sessions (30
days) after each of the three exposures. The only apparent
effect was that the response rate of one rat was reduced
below its control range 24 hr after each of the three 1.5 Gy
exposures. At 4.5 Gy (bottom), changes in FR response rates
were observed after each exposure. Response rates were not
altered during the session which began 5 min after exposure
(session 1), were reduced 24 hr later to the lowest levels
observed (rates were reduced by 30-50% over the three ex-
posures), and gradually returned to control levels by the fifth
or sixth session after exposure. Following recovery, re-
sponse rates remained stable throughout the remainder of
each exposure phase. Changes in response rates did not vary
as a function of repeated exposures. Analysis of variance
performed on the response rates of each group separately
{mean preirradiation control response rates and response
rates from postirradiation sessions 1-10) revealed a signifi-
cant effect of sessions only at 4.5 Gy: all main effects of
radiation phase and radiation phase X session interactions
were nonsignificant. One-tail /-tests revealed that sessions
2-$ differed significantly from control after the 4.5 Gy
exposure.

Changes in FR postreinforcement pause after each 4.5 Gy
exposure are presented in Fig. 2. Mean postreinforcement
pause was not altered immediately following irradiation
(session 1), but was increased two- to three-fold 24 hr later.
During the third session after each exposure there was a
substantial degree of recovery although the pause remained
elevated above control values. Postreinforcement pause was
elevated throughout the remainder of the first week of testing
after exposure and returned to control levels during the sec-
ond week. Changes in postreinforcement pause did not vary
with repeated 4.5 Gy exposures. These effects were confirmed
with an analysis of variance performed on the mean con-
trol pause and the pause from sessions 1-10 after the three
4.5 Gy exposures: the main effect of sessions was significant
while the main effect of exposure phase and the interaction
were nonsignificant. With the data collapsed across the three
exposures, two-lail 7-tests revealed that sessions 2-6 and 8 dif-
fered significantly from control. There were no consistent
changes in postreinforcement pause after exposure to 0.5 or
1.5 Gy (not shown).

Running response rates under the FR schedule were not
altered after exposure to 0.5 or 1.5 Gy of radiation. At 4.5
Gy. running rates were not altered on the day of exposure
and were decreased to the lowest levels observed (by
20-4077 of control over the three exposures) 24 hr later (Fig.
3). Running rates returned to control levels over the next 2-4
sessions and were stable throughout the remaining portion of
each exposure phase. Analysis of variance on the running
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FIG. 2. Effects of 4.5 Gy of gamma radiation on FR 50 postreinforcement pause (see Fig. 1 for details).
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FIG. 3. Effects of 4.5 Gy of gamma radiation of FR 50 running
response rates (response rates calculated with the postreinforcement
pause omitted. see Fig. | for details).

FIG. 4. Cumulative records showing the performance of one rat

under the FR 50 schedule of milk presentation. Control performance f
prior to irradiation and performance over four successive sessions /
after exposure to 4.5 Gy of gamma radiation are shown. Each re- /

sponse stepped the pen in an incremental fashion across the page.
Delivery of the milk reinforcer with the completion of the ratio is
indicated by the diagonal deflections.
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FIG. 5. Effects of 4.5 Gy of gamma radiation on F1 120 sec response
rates (see Fig. 1 for details).
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rates of the 4.5 Gy exposure group revealed only a significant
effect of sessions, indicating that rate changes did not vary
significantly as a function of repeated irradiations. One-tail
t-tests revealed that sessions 2-4 differed significantly from
control.

Sample cumulative records depicting control FR per-
formance and performance over sessions 1-4 after exposure
to 4.5 Gy are presented in Fig. 4. The overall response rate
during the session that began 5 min after irradiation was
within the range of control rates for this rat. At 24 hr
postirradiation there was noticeable disruption in perform-
ance which included a slowing in the overall rate of respond-
ing, a lengthing of the postreinforcement pause, and an ex-
tended pause in responding. Progressive recovery of
control-like performance was evident during the sessions
which occurred 48 and 72 hr after exposure.

Under the FI schedule, average response rate, running
response rate, postreinforcement pause and index of curva-
ture were not altered consistently by 0.54.5 Gy of radiation
over the three exposures (all main effects and interactions of
analyses of variance were nonsignificant); response rates
after 4.5 Gy are shown in Fig. 5. Individual mean control
postreinforcement pauses ranged from 50 to 85 sec, while
individual mean control indices of curvature ranged from
0.50 to 0.65. Fixed-interval responding did not appear to be
completely unaffected by radiation, however, since the re-
sponse rate of each rat in the 4.5 Gy exposure group was
reduced befow its control range for 24-48 hr after the second
exposure.

Figure 6 presents the effects of 6.5 Gy of gamma radiation
on FR response rates in rats with a history of exposure to
0.5-4.5 Gy. Response rates are presented as a percentage of
mean control rates to facilitate comparison among groups. In

6.5 Gy

120
3
X
e 8
[
4
[~
§§ 40 '
cg —— 0.5 Gy
s 1.5Gy
--o- 4.5 Gy
0 1 3 5 7 9 11

Blocks of 1-4 Sessions

FIG. 6. Effects of 6.5 Gy of gamma radiation on FR 50 response rates. The key
indicates the dose of radiation received on three separate occasions prior (o expo-
sure t0 6.5 Gy. For each rat, the average response rate for a block of sessions was
expressed as a percentage of the average control rate derived from 7 sessions prior
to the 6.5 Gy exposure. Individual percentages were then averaged to provide
group data. The first block represents the test session which began S min after
exposure. Subsequent blocks are the mean of three sessions except for block 7
which is the mean of four sessions. For the 0.5 and 1.5 Gy exposure groups n=5.
For the 4.5 Gy exposure group n=4 for blocks 1--6, n=3 for block 7, and n=1 for

blocks 8-11.
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FI1G. 7. Effects of 6.5 Gy of gamma radiation of F! 120 sec response rates. The key
indicates the dose of radiation received on three separate occassions prior to
exposure to 6.5 Gy. Each point is the mean of five rats for the 0 and 1.5 Gy
exposure groups and four rats for the 0.5 Gy exposure group. For the 4.5 Gy
exposure group n=S5 for blocks 1-8 and n=4 for blocks 9-11 (see Fig. 6 for details).

none of the three groups of rats did 6.5 Gy alter response
rates during the session that began 5 min after exposure
(session block 1). Response rates were reduced in each
group over the following three sessions (block 2). Response
rates recovered somewhat and stabilized over the subse-
quent 5-6 blocks of sessions before showing additional re-
covery toward mean control values over the remaining
blocks of sessions. Most importantly, differential radiation
history did not alter the effect of 6.5 Gy on FR response
rates. This was confirmed by analysis of variance on the
absolute response rates which revealed that only the main
effect of session block was significant. Control response
rates and response rates through block 6 only were included
in this overall analysis due to deaths that occurred in the 4.5
Gy exposure group during blocks 7 (one death) and 8 (two
deaths). Two-tail 7-tests on response rates collapsed across
the three groups (n=14) revealed that blocks 2-6 differed
from control.

Under the FI schedule, the 6.5 Gy exposure did not alter
response rates on the day of irradiation in any group, while
relatively stable reductions in response rates occurred over
session blocks 2-7 in each group (Fig. 7). Response rates
generally showed recovery over the remaining blocks of
sessions. Similar to what was observed for FR responding,
changes in FI response rates after exposure to 6.5 Gy of
gamma radiation did not vary as a function of exposure
history. The absence of any observable ‘effect of exposure
history on FI response rates is shown most dramatically
by comparing the 0 Gy exposure group with the three
groups that had previously been irradiated. Analysis of vari-
ance on the absolute response rates of the four FI groups
(n=19) revealed only a significant effect of blocks. Because
one rat in the 4.5 Gy exposure group died during session
block 9, this overall comparison was restricted to the first
eight blocks of sessions. Two-tail r-tests revealed that re-
sponse rates during blocks 2-8 differed significantly from
control rates.

Comparison between Figs. 6 and 7 suggests that 6.5 Gy
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reduced FR response rates to a greater degree than FI rates
during the early postexposure period (session block 2). Re-
sponse rates across the three FR groups were reduced to
51.5+4.0% (mean+SEM) of control values during block 2,
while FI rates of rats with similar exposure histories (rats
with a history of 0 rad exposures were excluded) were re-
duced to 65.7+6.1% of control. A two-tail ¢-test of these
reductions in response rates revealed p<0.07. The 6.5 Gy
dose increased FR postreinforcement pause and decreased
FR and FI running rate; FI postreinforcement pause and
index of curvature were not altered.

Lethality following the 6.5 Gy exposure was preceeded
by a general deterioration in the condition of the animals for
several days. Reduced food intake, weight loss, lowered
body temperature, and paleness of the eyes which suggested
failure of the hemopoietic system were observed. Prior to
this each rat showed at least partial recovery from the dis-
ruption in performance seen shortly after irradiation. Patho-
logical examination confirmed hemopoietic failure as the
probable cause of death. Hemopoietic effects in surviving
animals were restricted to a moderate anemia.

DISCUSSION

The effects of gamma radiation on schedule-controlled
responding varied as a function of the dose and the schedule
of reinforcement. At the lower doses (0.5 and 1.5 Gy) signifi-
cant changes in performance were not observed. At the in-
termediate dose of 4.5 Gy, FR response rates were de-
creased after each of the three exposures, while FI response
rates were not altered reliably. At the highest dose of radia-
tion tested (6.5 Gy), both FR and FI response rates were
decreased though FR rates tended to be decreased more than
FI rates for several days after exposure. These findings indi-
cate that over the range of doses used here, FR respond-
ing was more sensitive to radiogenic disruption than FI
responding.

The differential effects of gamma radiation on FR and Fl
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performance may be due to differences in baseline response
rates [24]: the higher rates under FR were disrupted at doses
that did not alter or disrupted less the lower rates under FI.
Effects of radiation did not appear to be solely a matter of
baseline rate. however, since responding within the FI was
not affected in a way that was related to the baseline rate.
Under baseline conditions, responding within the FI showed
the typical pattern of lower-rates early and higher-rates later
in the interval. The guantitative measure of this pattern of
responding, the index of curvature, was not altered by any
dose of radiation even though overall response rate was re-
duced. This indicates that responding was decreased in a
relatively uniform fashion throughout the FI. Thus, both
baseline response rate and schedule of reinforcement may be
important determinants of radiation-induced disruption of
performance. Changes in other meausres of performance
also varied in a schedule-dependent manner. The short
postreinforcement pauses under FR were increased after ex-
posure, while the longer pauses under FI were not altered.
Extended pauses in responding after irradiation were gener-
ally restricted to FR. These differences contributed to the
schedule-dependent changes in response rates.

At the doses of gamma radiation that produced consistent
decreases in FR response rates (4.5 and 6.5 Gy), duration
rather than magnitude of effect appeared to be a better indi-
cator of dose. Averaged over the three exposures. 4.5 Gy
produced maximal decreases in FR response rates to
59.0+10.3% of control values 24 hr after exposure; recovery
occurred over the next several days. Similar maximal reduc-
tions were observed 24 hr after exposure to 6.5 Gy, when FR
response rates were reduced to 50.4+6.3% of control values.
At this higher dose, however, FR response rates remained
depressed for two additional days (response rates were re-
duced to 57 and 479 of control values. respectively, 48 and
72 hr after the 6.5 Gy exposore) before showing signs of
recovery.

There are few previous reports on the effects of acute
exposure to ionizing radiation on schedule-controlled perfor-
mance. In one study, 1.0-5.0 Gy of X-rays reduced variable-
interval response rates for 1-4 days while rates under a shock
avoidance schedule were unaltered {22]. [n another. 8.0 Gy
reduced responding under an FR 1 schedule averaged over
four days after exposure, whereas 2.0 and 4.0 Gy were inef-
fective [39]). Although neither of these studies conducted be-
havioral testing on the day of irradiation, the present investi-
gation showed that performance was not altered over the
immediate postexposure period after doses of 0.5-6.5 Gy. In
contrast, much higher, acute doses have been shown to
produce more immediate behavioral effects. Disruptions in
responding under FR [8] and shock avoidance [11] schedules
in rats were reported within one hour after exposure to sup-
ralethal doses (40-100 Gy), while delayed match-to-sample
performance of monkeys was disrupted within minutes of
supralethal irradiation [10].

Even though ionizing radiation generally depresses be-
havioral output, the time-course of this effect is highly de-
pendent on the behavior examined. Here. performance
changes were greatest 1-3 days after irradiation and were
followed by recovery over several days or weeks. In con-
trast, swimming capability of rats decreased steadily over
3-4 weeks after X-irradiation and then gradually recovered
[26). Moreover, running-wheel activity of rats decreased for
several days after X-irradiation. then recovered before a
second, more pronounced decrease began at about day 10
postexposure [23). These markedly different temporal rela-
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tionships suggest fundamental differences in the factors un-
derlying radiation-induced depression of schedule-controlled
responding. swimming and running-wheel locomotion.

Decreased food intake is one of the earliest effects seen in
humans and animals after low to moderate radiation expo-
sure [22, 29, 40] and this may account for the disruptions in
FR and FI performance observed here. However, there ap-
pear to be limitations on attempts to relate radiation-induced
changes in schedule-controlled performance to a general ef-
fect on food intake, at least in the present study. At 6.5 Gy,
even though most rats failed to consume their entire ration of
chow on one or more days after exposure, there was little
correspondence between the magnitude and time course of
disruption in performance and whether or not chow was con-
sumed. After exposure to 4.5 Gy of radiation when it was
generally uncommon for any portion of the daily ration of
chow to remain unecaten, the days when chow was not
entirely consumed always occurred after the days when the
most pronounced reductions in FR responding were found.
Ionizing radiation induces a variety of subjective effects in
humans that would likely disrupt ongoing behavior; these
include weakness, fatigue, nausea, lethargy, headache and
dizziness [40]. The performance changes reported here may
provide an index of effects in animals that reflect or are in
some way analogous to the subjective effects reported by
humans. The use of schedule-controlled behavior in provid-
ing such an index of exposure to toxic agents has been
suggested [38]. Additional research is necessary, however,
to more precisely define and attempt to measure these types
of effects in animals [30].

Repeated irradiations of the same animals failed to pro-
vide evidence of cumulative behaviorai effects. This
suggests that the 6-9 week period separating successive ir-
radiations allowed for adequate recovery of the physiological
systems underlying the behavioral effects observed here
shortly after exposure. Long-term, latent physiological ef-
fects would have been expected to result in enhanced behav-
ioral disruptions over successive irradiations. In contrast,
several previous studies showed that decreases in FR re-
sponding were enhanced when rats received multiple irradi-
ations; doses ranged from 0.5-8.0 Gy delivered every 1-7
days [7. 9. 39]. These results suggest that the dose of radia-
tion, the time between irradiations, and the number of ir-
radiations are important determinants of the behavioral ef-
fects of multiple exposures to ionizing radiation.

In contrast to disruption of FR and FI performance. le-
thality appeared to be influenced by radiation history in that
all deaths that occurred after the 6.5 Gy exposure were found
in the groups previously exposed to 4.5 Gy. Since no deaths
occurred until 3 weeks following the 6.5 Gy exposure, there
was a clear temporal separation between early, acute behav-
ioral and later, lethal effects of radiation resulting from
hemopoietic failure. Lethality was not merely the result of the
total cumulative dose received, however. The total cumula-
tive dose of [1 Gy received by the 1.5 Gy exposure groups
exceeded the LD, dose of 9.5 Gy for gamma radiation in
rats [6], yet no deaths occurred in these animals. The 4.5
Gy exposure groups received a total cumulative dose of 20
Gy a single dose of this size would have been lethal to 100%
of exposed animals within several days [19]. Thus, in agree-
ment with previous data [3]. dose fractionation increases the
total cumulative dose that can be tolerated without produc-
ing lethality.

In summary, under the conditions used here the effects of
gamma radiation on schedule-controlled performance were
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found to be dose-related, reversible, noncumulative. and de-

pe

ndent on the schedule of reinforcement. Due to the con-

tinuing, if not increasing possibility of human exposure to
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ionizing radiation under a broad range of circumstances, the
systematic examination of the behavioral effects of ionizing

radiation should be pursued.
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ABSTRACT

IL 1 and IL 6 share a number of biological activities, including
induction of fever, neutrophilia and acute phase response, and IL 1
induces IL 6 production by fibroblasts and macrophages. Therefore, it was
proposed that IL 6 mediates many of the activities of IL 1. To test this
hypothesis in vivg, we assessed induction of IL 6 following IL le
administration to mice and tested IL 6 for radioprotection and induction
of early (CSF) and late (fibrinogen and SAA) acute phase reactants. IL la
given to mice ip induced, in a dose dependent manner, detectable IL 6 in
circulation, with maximal titers at 2-4 hrs. However, unlike IL 1 which is
radioprotective when administered in doses above 100 ng/mouse, doses of
10-1000 ng/mouse of human recombinant IL 6 did not result in increased
survival of mice following lethal irradiation. In fact, such treatment
given 20 hrs before LD,y,,, doses of radiation resulted in reduced
survival of mice. However, IL 6 augmented the radioprotective effect of
IL 1. 1IL 1 in doses above 10 ng/mouse induced within 2 to 6 hrs a dose
dependent increase in CSF in circulation, but IL 6 did not induce
detectable levels of CSF at 2, 6 and 20 hrs after administration.
Administration of IL 6 to mice produced a dose dependent increase in
circulating fibrinogen and SAA. Similarly, administration of IL 1 resulted
in much greater increases in levels of fibrinogen and SAA. Therefore, IL
1 is a more effective inducer of fibrinogen and SAA in mice than is IL 6.
Although definitive conclusions concerning the relative roles for IL 1 and
IL 6 jin vivo will await availability of anti IL 1 and anti-IL 6
antibodies, our data do not support the suggestion that the above IL 1
effects can be attributed solely to IL 6.

INTRODUCTION

IL 1 is recognized as a key inflammatory mediator as evident from its
ability to induce in vivo most of the inflammatory manifestations (see
reviews 1,2). The use of recombinant IL 1 has eliminated previous uncer-
tainties regarding the composition of the preparations of natural IL 1
that were used for many years for in vivo studies. Such studies were
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plagued with concern that partially purified preparations contain some
unidentified cytokines in addition to IL 1. Recent work has shown that
administration of nanogram quantities of recombinant IL 1 to mice or
rabbits results in fever, neutrophilia (3), induction of the acute phase
response (4,5), changes in bone marrow population (6), and CSF release
(7).

However, IL 1 is known to be induced coordinately with other
cytokines (such as TNF), and to induce the production of a cascade of
other cytokines such as IL-2 and CSF (8). Thus, a question can be raised
as to whether the effects attributed to IL 1 are based on direct effects
or due to the induction of a battery of other cytokines. Recently, IL 1
has been shown to induce the release of IL 6 by several cell types
including macrophages, endothelial cells, and fibroblasts (9-11). This
cytokine was initially described by a number of independent laboratories
and called by different names based on various biological activities such
Interferon beta 2 (IFNS2), B Cell Stimulating Factor 2 (BSF2), and
Hybridoma/Plasmocytoma Growth Factor (12-16). Upon realizing that all
these activities could be attributed to the same recombinant cytokine, it
was renamed IL 6.

IL 6 has been identified recently as having the activity of a
hepatocyte stimulating factor (17,18), thymocyte costimulating factor
(19,20) and endogenous pyrogen (11). Because of the inductive
relationship between IL 1 and IL 6, it has been proposed that IL 6 is the
direct mediator of a number of activities previously attributed to IL 1.
To test this hypothesis, we have assessed the capacity of IL 1 to induce
IL 6 in vivo and compared the systemic effects of direct delivery of IL 6
and IL 1 in radioprotection, in induction of early (CSF) and late (SAA,
fibrinogen) acute phase reactants, and in induction of changes in bone
marrow cell sizing profile. The rationale for such comparison of systemic
administration of the two cytokines was based on previous findings that
administration of nanogram quantities of IL 1 reproduced the effects of
administration of micrograms of LPS (an IL 1 inducer) (21,22). In this
report we show that although IL 1 indeed induces systemic production of
IL 6, ip delivery of IL 6, up to 3 microgram quantities, does not mimic
the above effects of IL 1.

MATERIALS AND METHODS

Mice. B6D2F1 mice were purchased from the Jackson Laboratory, Bar
Harbor, Maine. Mice were quarantined on arrival and screened for evidence
of disease before being released from quarantine. They were maintained in
an AAALAC accredited facility in plastic Micro-isolator cages on hardwood
chip contact bedding, provided commercial rodent chow and given acidified
(HC1 to a pH of 2.5) tap water ad ]libitum. Animal holding rooms were
maintained at 7042 F with 50+10% relative humidity using at least 10 air
changes per hour of 100% conditioned fresh air. The mice were on a 12
hour light-dark full spectrum lighting cycle with no twilight. Mice were
8-12 weeks of age when used. All cage cleaning, handling, and injections
were carried out in a laminar flow clean air unit.

. Human recombinant IL la was generously provided by Dr.
Peter Lomedico of Hoffman - La Roche, Nutley, NJ. The preparation, lot
1/87, was supplied in 50 mM potassium phosphate and 0.1 M NaCl (pH 6.5)
buffer and used on a weight basis. Human recombinant IL é in 20 mM NaOAc
pH 5.0, specific activity of 2x10° CESS units/mg, lot 1190-130 and batch
9, were received from Genetics Institute, Cambridge, MA. This material
was reanalyzed in our laboratory in the hybridoma growth factor (HGF)
assay (see below) and was found to possess 1.75x10° HGF units/mg. All
reagents were diluted to the desired concentration in pyrogen-free saline
just prior to a single ip injection of 0.5 ml to mice. The cytokine
preparations were assayed for LPS contamination in a LAL assay and
determined to contain less than 0.1 ng per maximal concentration of
inoculum.
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Irradiation. Mice were placed in plexiglass containers and were
given whole body irradiation at 40 cGy/min by bilaterally positioned ®°Co
elements. The number of surviving mice was recorded daily for 30 days.

Measurement of JL 6 in the serum. Mice were bled from the orbital
plexus at designated times after administration of IL 1 and serum was
collected following clot formation. Serum IL 6 activity was determined
using the hybridoma growth factor assay described by Aarden et al. (23).
This method incorporated the IL 6 - dependent hybridoma, B9, in a
conventional microproliferation assay. Briefly, individual serum samples
wvere initially treated to several 10-fold dilutions in the assay medium
(RPMI 1640, 10% FCS, Sx10"3 M 2ME, and 50 ug/ml gentamycin). These
samples were then two-fold serially diluted in 96-well culture plates
containing 0.1 ml volume of assay medium per well. Two thousand B9 cells
in 0.1 ml volume of assay medium were then added to each well (final
volume 0.2 ml). The cultures were incubated at 37°C in a humidified
atmosphere of 5% CO,. After 72 hrs the cultures were pulsed with 0.5 uC
3H-thymidine for 4 hrs, harvested onto glass fiber filters and counted in

a liquid scintillation counter. One HGF unit was defined as the
reciprocal of the dilution which yielded 50% of the maximal 3H-thymidine
incorporation.

Measurement of CSF activity in the serum. Mice were bled at 2, 6, and
24 hours after injection and serum was collected after clot formation by
centrifugation. CSF activity was measured in pooled serum samples
collected from 4-5 mice per treatment group per experiment. The bone

marrow colony assay for CSF activity has been described in detail (7).
Briefly, C3H/HeJ bone marrow cells were enriched for mononuclear cells by
density gradient centrifugation on lymphocyte separation medium (Litton
Bionetics, Charleston, SC). The cells collected from the interface of the
gradient were washed and resuspended in RPMI 1640, supplemented with
antibiotics, glutamine, sodium bicarbonate HEPES buffer, and 158 FCS.
Three serial two-fold dilutions of each serum sample (30%, 15%, and 7.5%
v/v) were prepared in this medium and 0.2 ml of each dilution was added to
each of duplicate wells in a 6 well tissue culture plate. A final cell
suspension was prepared in 1x10° cells/ml in complete medium supplemented
with 0.3% Bacto-Agar (Difco, Detroit, MI) and maintained at 41°C. One ml
per well was added immediately after resuspension of the cells in the
agar-medium mixture. Once solidified, the cultures were incubated at
37°C, 6% CO,, for 6-7 days at which time colonies (more than 25 cells per
colony) were counted under a dissecting microscope. Serum CSF activity
was expressed as colony forming units (CFU) per ml of serum, based on
colony count within the linear part of the dilution curve.

Fibrinogep assay. Assays for fibrinogen in diluted citrated plasma
were performed by measuring the rate of conversion of fibrinogen to fibrin
in the presence of thrombin excess. The calibration was made using the
Sigma Diagnostic Kit (Sigma Chemical Co., St. Louis, MO). Measurements of
fibrin clot formation were performed on a fibrometer (Becton-Dickenson,
Mountain view, CA). The data are expressed as mg of fibrinogen per 100 ml
of plasma.

. SAA concentration was measured in the serum using an
Elisa assay as described (24), with monoclonal rat anti-SAA antibodies
prepared according to the method described by Wood et al. (25).
Triplicate 200 ul aliquots of diluted serum were analyzed. SAA s
expressed in terms of serum amyloid A equivalents, ug/ml, using SAA-rich
LDL as a standard.
Statjstical analysis. Statistical evaluation of the results was done
using Chi-square analysis and z-test.

RESULTS
vivo. B6D2F1 mice were given ip

injections of 1000 ng IL 1 and their sera were assessed for the presence
of IL 6 at 0.5, 1, 2, 4, 8, and 24 hrs after treatment. The results (Fig.
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Figure 1. Serum IL 6 levels following IL 1 administration. Time response
curves (A) and dose dependence (B) of induction of IL 6 with IL 1 in
B6D2F1 mice (n=3 in A and 4 in B).

1) show that IL 1 treatment induced an increase of IL 6 in the circulation
beginning at 1 hr, which peaked at 2-4 hrs and declined by 8 hrs after
treatment (Fig. 1a). Only 1 out of 4 mice had detectable IL 6 in
circulation 2 hrs following administration of 10 ng of IL 1 (Fig. 1B).
All 4 mice injected with 50 ng of 1IL 1 had detectable IL 6 levels at 2
hrs. At these doses of IL 1 (10,50 ng) IL 6 was not detected at &4 hrs.
Following 250 ng of IL 1 , low titers of IL 6 wvere detected at 4 hrs after
injection, while 1000 ng of IL 1 resulted in high titers of IL 6 at 2 and




4 hrs. Thus, systemic administration of IL 1 induces dose dependent
transient elevation of plasma levels of IL 6 in vivo in mice.

Induction of CSF {n ciyculatijon. In previous experiments IL 1 in
doses as low as 10 ng per mouse induced increases in circulating CSF (7).
This induction of CSF by IL 1 was dose dependent, reaching a plateau at
100 to 2000 ng with the maximal titers at 2 to 4 hrs. Presently, high
titers of CSF were induced with 1000 ng IL 1 at 2 hrs (6430+233), which
declined by 6 hrs (2823+155), but were still detectable at 20 hrs
(330+£268). In contrast, IL 6 in doses ranging from 100 to 1000 ng did not
induce detectable circulating CSF at 2, 6, or 20 hrs. Thus IL 6 and IL 1
differ in their ability to induce circulating CSF.

Effects on bone marrow cell size. Our previous work has shown that
IL 1 increases the size distribution of the entire nucleated bone marrow
cell population (6). Such increases were detectable with as little as 10
ng IL 1. Presently, 3000 ng of IL 1 ip resulted in increased numbers of
large bone marrow cells at 20 and 96 hrs (p<0.01)(Fig.2). However, bone
marrow cells from mice treated with 3000 ng of IL 6 did not show
significant enlargment when compared to saline treated wmice. Thus IL 1
and IL 6 differ in their effect on bone marrow cell size distribution.
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Figuge 2. Effect of IL 1 and IL 6 on bone marrow cell size distribution at
20 hrs (A) or 96 hrs (B) after administration. Cells in channel 0-15 were
smaller than 160 um®, in channel 16-45 were 160-320 um®, and above chanmnel
46 were larger than 320 um®. (n=3).

Comparison of 1IL 1 apd IL 6 in radioprotection. B6D2F1 mice were
given ip injections of IL 1, IL 6, or saline 20 hrs before irradition.
Figure 3 summarizes the results of three experiments in which two doses of
radiation were used. Following irradiation with 1000 c¢Gy 45% of control,
saline treated mice survived. IL 1 protected up to 90% of mice from
death, but administration of 10-1000 ng IL 6 resulted in greatly reduced
survival (only 5-15%) (Fig. 3A). Similarly, a radiosensitizing effect of
IL 6 alone was also observed at 1050 cGy. In this series of three
experiments, 15% of control, saline treated mice survived (Fig. 3B).
However, suboptimal, non-radioprotective doses of 50 ng IL 1 combined with
1000 ng of IL 6 resulted in synergistic radioprotection (p<0.05).
Furthermore, even at doses at which IL 1 conferred significant radiopro-
tection (500 ng), combined injection of IL 1 and IL 6 resulted in signifi-
cantly enhanced (p<0.05) survival of mice. Thus, unlike the finding with
IL 1, treatment with IL 6 alone did not confer radioprotection. However,
combined administration of IL 1 with IL 6 resulted in an enhanced
radioprotective effect.

Our previous work has shown
that treatment of mice with IL 1 results in increased SAA and fibrinogen
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Figure 3. Effect of IL la and IL 6 alone and in combination on survival of
irradiated mice. B6D2F1 mice were irradiated with 1000 cGy (A) or 1050
¢Gy (B) 20 hrs following ip administration of IL 1, IL 6, their
combination, in the doses indicated, or saline. Numbers on top of the bars
indicate the total number of mice/treatment.

in circulation. SAA was detected at 6 and 20 hrs and fibrinogen at 12 and
20 hrs (4,5). When compared on a weight basis with IL 1, IL 6 was a much
less potent inducer of fibrinogen than IL 1 (Fig. 4). Similarly IL 6 was
a less potent inducer of SAA than IL 1 at 6 and 20 hrs (Table 1).

TABLE 1
In vivo production of SAA in response to IL la and IL 6
Treatment SAA concentration (ug/ml)*
2 hrs 6 hrs 20 hrs

Experiment 1

saline 0.01 0.01 0.01
IL 1, 1000 ng 0.02 260 300

IL 6, 1000 ng 0.11 0.02 0.49
Experiment 2

saline 0.05 0.05
IL 1, 1000 ng 2.2 490

IL 6, 1000 ng 0.60 1.0

*pool of sera from 3 mice were assayed in each experiment.

DISCUSSION

The foregoing results provide evidence that IL 1 induces IL 6 not
only, as previously reported, in cell culture (9-11), but also
systemically, as evident by its appearance in circulation. Others have
shown increased levels of IL 6, at the time of graft rejection, in the
serum and urine of patients receiving kidney transplants (26). Detectable
levels of serum IL 6 have also been reported in febrile patients (27).
This rise in IL 6 in febrile patients preceded the increase in acute phase
response. The finduction of release of acute phase proteins, one of the
primary manifestations of inflammation, has been previously reported in
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Figure 4. In vivo production of fibrinogen in response to IL 1 and IL 6.
B6D2F1 mice were bled 20 hrs following administration of IL 1 or IL 6. The
results are the mean of 3 experiments (+SEM), using pooled plasma from 3
mice in each experiment.

vivo (4,5) and in vitro (5,28,29) for IL 1. However, rat primary
hepatocyte and human hepatocyte cell lines which produced only restricted
spectrum of acute phase reactants in response to IL 1 showed much greater
response to IL 6 (18)., The induction of IL 6 with IL 1 in several cell
types together with identification of IL 6 as a major inducer of acute
phase protein synthesis, led to the belief that IL 6, rather tham IL 1,
may be a direct stimulator of acute phase reactants. Furthermore, based on
a broad spectrum of activities of IL 6, some of which overlap with those
of IL 1, it was suggested that IL 6 may mediate some of the other
activities previously attributed to IL 1.

The experience from this and other laboratories showed that systemic
administration of IL 1 reproduced the inflammatory manifestations produced
by LPS, an IL 1 inducer. For example, systemical administration of IL 1,
like LPS, stimulates the release of CSF (7). Significantly increased
levels of CSF were observed after IL 1 doses as low as 10 ng per mouse.
The induction of CSF with IL 1 was also demonstrated repeatedly in fibro-
blasts, endothelial cells, or macrophages in culture (30-33). In the
present study, CSF was not detected at 2, 6, or 20 hrs following administ-
ration of as much as a 1000 ng dose of IL 6. No evidence exists that IL 6
can induce CSF in cells. Similarly, despite the reported action of IL 6
as Hematopoietin-1 (34), which parallels that attributed to IL 1 (35-37),
IL 6 did not induce changes in the size of bone marrow cells characteris-
tic of LPS and IL 1. We are aware that observations on cell size profiles
of whole bone marrow populations do not preclude the effect of IL 6 on
selected subtypes of such cells. The changes in cell sizes induced with
IL 1 in previous studies correlated with increased cell cycling (over 25%
increase in population of large cells) and with increase in GM-CFC
progenitor cells (6). Thus delivery of 10-100 ng of IL 1 clearly has a
much more profound effect on cells in the bone marrow than 1000 ng of
IL 6.

In addition, LPS was shown more than 30 years ago to be radiopro-
tective (38,39). Similar radioprotection was reproduced with IL 1 (40).
In the present study, however, as much as 1000 ng per mouse of IL 6 did
not confer radioprotection. In fact, treatment with IL 6 alone resulted
in apparent radiosensitization, i.e. greater numbers of mice died of the
radiation syndrome following IL 6 than saline administration. However,
this effect was reversed in the presence of 50 ng of IL 1, which alone was
not radioprotective, but which synergized with IL 6 in radioprotection.
This result indicates that IL 6 in the presence of IL 1 is a radioprotec-
tive agent. Induction with IL 1 of bone marrow cell cycling and CSF’'s may
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present some of the necessary prerequisites for interacting with IL 6 in
radioprotection. It is difficult at present to explain the radiosensi-
tizing effect of IL 6 in the absence of IL 1. Perhaps, as suggested by Dr.
Charles Dinarello (personal communication), IL 6 suppresses endogenous
production of IL 1 which may result in enhanced susceptibility to
radiation.

IL 6 was also less efficacious than IL 1 in systemic induction of
fibrinogen and SAA. Production of fibrinogen, a,-antichymotrypsin, a,-
macroglobulin, and cysteine proteinase inhibitor was eliminated by the
presence of anti-IFN-S2/IL 6 antibody in primary rat hepatocytes and human
hepatocyte lines stimulated with supernatants which contained both IL 1
and IL 6 (18). Such treatment, however, did not eliminate a,-acid
glycoprotein or haptoglobin production. Yet the use of anti-IL 1 and
anti-IL 6 antibodies in combination abrogated production of all examined

acute phase proteins. Similarly, reduction of albumin synthesis was
maximally reversed using the anti-IL 1 and anti-IL 6 antibodies in
combination. More recent results (Dr. Jack Gauldie, personal

communication) indicate that genes for SAA or a;-acid glycoprotein may be
induced with IL 1 alone, while other genes, such as fibrinogen, are not
induced with IL 1. Thus our results showing less effective jin vivo
induction of fibrinogen with IL 6 than IL 1, may indicate that IL 1 may be
necessary at the local site to induce sufficient endogenous levels of IL
6, which, in turn, may directly act to induce fibrinogen message. Final
resolution of the mechanisms which function in vivo in the induction of
various subclasses of acute phase reactants will depend on the selective
in vivo elimination of IL 1 and IL 6 with sufficient quantities of
specific antibody.

The results presented in this study, and work of others to date,
alread ‘-dicate that IL 1 and IL 6, although induced in sequence have
diver e as well as overlapping activities, but the relative contribution
of each of these cytokines to the inflammatory processes remain to be
established.
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Radiation-induced Impairment of Neuronal Excitability

Radiation causes a decrease in the synaptically evoked activity of CA1 hippocampal
pyramidal cells. This effect is dose and dose-rate dependent. Hydrogen peroxide.
which produces hydroxyl free radicals when combined with FE * 2, produces similar
damage. In contrast, the radioprotectant, dithiothreitol, increases the excitability
of hippocampal neurons. These studies indicate that radiation can directly affect
the function of central neurons.

INTRODUCTION

For the past thirty years, ionizing radiation has been known to
acutely alter the electrical activity of the brain' as well as to produce
behavioral deficits.? Recording from a variety of brain areas, the
most striking change in electrical activity following X-radiation is
the appearance of high frequency activity (spiking) in the hippo-
campus.’* This appears within 30 minutes of exposure to 4 Gy
whole body exposure and reaches a maximum after 5 to 7 hours.
The spiking is sustained for almost 2 weeks.? Very little concom-
itant change in cortical activity is seen,>* but the arousal threshold
for the midbrain reticular formation decreases with approximately
the same time course.* Evoked potential studies also show an
alteration in brain activity following radiation exposure. Rosenthal
and Timiras® observed that 2.5 Gy X-rays decreased the latency
and reduced the size of evoked potentials in the olfactory cortex.
Their observations led them to suggest that radiation reduced syn-
aptic inhibition. Exposure to ionizing radiation tends to increase
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susceptibility to seizures. The frequency of audiogenic seizures in
mice is enhanced following chronic exposure to low levels of ra-
diation.® The threshold for electroconvulsive seizures is reduced
in adult rats’® after as little as 0.25 Gy X-irradiation.” Acute studies
on the spinal cord of the cat®!! reveal that 5-50 Gy X-radiation
enhances the spinal monosynaptic refiex, augments the intracel-
lularly recorded excitatory postsynaptic potential but does not change
the inhibitory postsynaptic potential.!!!? Single unit studies in ol-
factory cortex'* and in hippocampus'* show a change in patterns
of action potential generation. predominantly a depression of spon-
taneous and evoked activity.

Nervous system damage produced by radiation in vivo, as in the
studies described above, is likely to be influenced by systemic
effects. Exposure to ionizing radiation is accompanied by de-
creased blood pressure and reduced blood flow in a variety of
brain regions'>!” including the hippocampus.'® The decrease in
brain blood flow is likely to produce ischemic damage, especially
in the hippocampus which is a particularly vulnerable area.!’-?
Ischemia, produced by a transient occlusion of the arterial blood
supply. causes an increase in potassium and a decrease in calcium
concentrations in the extracellular neuronal environment.? Si-
multaneously. neuronal activity is inhibited. Seven hours after an
ischemic episode of this kind. spontaneous action potentials appear
much more frequently than normal in the hippocampus but not in
the cortex.>?! Reperfusion following ischemia is thought to pro-
duce excessive free radicals that could exacerbate the damage caused
directly by radiation.??-?}

Because the blood brain barrier is disrupted by ionizing radia-
tion,2* radiation-released mediators? as well as normal plasma
constituents may have abnormal access to neurons. Levels of his-
tamine, prostaglandins, B-endorphins, and neurotensin as well as
other compounds are elevated by ionizing radiation.'®-*2" Hista-
mine is a powerful neuromodulator that increases the excitability
of hippocampal neurons.?** While prostaglandins do not directly
alter the excitability of hippocampal pyramidal cells.’' they may
have actions in other areas of the central nervous system or even
indirect actions on the metabolic or glial activity.® Many
of the other radiation-released mediators also are known to be
neuromodulators. In understanding the changes of neuronal
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excitability that occur with exposure to ionizing radiation, one
cannot ignore the influence of these circulating factors which can
affect both neurons and glial cells. The neuronal environment is
finely tuned. A disruption of this environment, as caused by an
altered blood brain barrier, is likely to produce abnormal neuronal
activity.

APPROACH

Analysis of the effects of radiation on the nervous system is very
complex. Are the changes due to ischemia? Are they caused by
higher than normal concentrations of histamine or prostaglandins?
Or is radiation acting direclty on-neurons in their local environ-
ment? Since radiation-induced neuronal death occurs only at doses
greater than 100 Gy, classically, neurons have not been considered
radiation sensitive.>2 Most of the nervous system damage has been
attributed to glial cell death and vascular damage.**-** This analysis.
however, fails to consider the complex physiological functions of
neurons that are likely to be impaired by radiation and free radical
attack of membrane lipids and proteins.

To study the damage produced by radiation without the com-
plicating factors caused by systemic injury, hippocampal brain slices
were used as an experimental model.***” Not only has previous
literature indicated a particular sensitivity of this brain region to
radiation, but this mode! provides a complex network of neurons,
accessible to analysis, that allows assessment of integrated neu-
ronal function. Because of the laminar structure of the hippocam-
pus. organization of the tissue is maintained in a thin slice (400-
500 wm). The input and output pathways to the CAI region can
be clearly identified and selectively stimulated with metal bipolar
electrodes (0.02-2 mA). Glass microelectrodes are used to record
the evoked activity from the population of neurons in a defined
cell body layer (orthodromic population spike, top of Fig. 1) and
simultaneously from the corresponding dendritic region (dendritic
response, bottom Fig. 1). Analysis of radiation- and drug-induced
changes in the somatic and dendritic recordings can provide in-
formation on the efficacy of synaptic transmission (synaptic dam-
age) and the ability of the synaptic potential to generate an action
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FIGURE 1 Effects of y-radiation (100 Gy at 20 Gy/min) on population spike
(somatic) and population synaptic response (dendritic) of CA1 neurons of guinea
pig hippocampus. A: Recordings from a sham-irradiated slice. B: Recordings from
an exposed slice. C: Superimposition of A and B. Square wave preceding all traces
is a calibration pulse of 1 mV, 2 ms.

potential (postsynaptic damage). Slices can be studied before, dur-
ing, and after application of radioprotectants and free radical pro-
ducing agents. Radiation damage can only be tested in our system
by comparing paired exposed and control slices some time after
%Co radiation and sham radiation.

RADIATION DAMAGE IN AN ISOLATED NEURONAL
SYSTEM

Gamma radiation (*Co) can cause both synaptic and postsynaptic
damage in hippocampal brain slices. The orthodromic population
spike is greatly reduced by exposure. The dendritic response, the
summated synaptic potential, also is decreased (Fig. 1). The de-
crease in the population spike is not proportionate to the decrease
in the dendritic response. Even when the stimulus intensity is in-
creased sufficiently to elicit a dendritic response in the irradiation
slice comparable to that in the control slice, the resulting popu-
lation spike is smaller. This indicates that while synaptic function
is impaired, postsynaptic damage also is present. In contrast, how-
ever, even very high doses (200 Gy) do not alter the antidromically
evoked spike. The damage to the orthodromic spike, therefore, is
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not to the action potential per se but rather to the synaptic gen-
eration of the action potential.

The effects of radiation are dose and dose-rate dependent (Fig.
2). Increasing the dose increases the damage to the orthodromic
population spike. Likewise, increasing the dose rate increases the
damage to the orthodromic population spike. A dose rate of 20
Gy/min shifts to the left the dose response curve for radiation at
5 Gy/min. At 5 Gy/min, significant deficits are seen only at 75 Gy
and greater. At the higher dose rate, the damage caused by 50 Gy
radiation is significantly greater than at the lower dose rate. Syn-
aptic damage and postsynaptic damage differ in their dose-rate
dependence. Impairment of synaptic efficacy is more severe at
higher dose rates. At 5 Gy/min it significantly contributes to the
damage only at doses of 150 Gy and greater. At 20 Gy/min, how-
ever, synaptic damage is significant at 75 Gy. This dose-rate de-
pendence suggests the existence of repair mechanisms. Lipid per-
oxidation, which varies inversely with dose rate, is an unlikely
mechanism for synaptic damage. Impairment of postsynaptic spike
generation, however, is not dose-rate dependent. It makes a sig-
nificant contribution to the population spike damage at doses of
75 Gy and above, regardless of dose rate. Because of the distinction
from synaptic damage, postsynaptic damage is likely to result from
a different molecular mechanism.
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FIGURE 2 Dose response curve of effect of y-radiation on the population spike
recorded from the CALl region of hippocampal slices. Solid line (Circles) shows
effect of radiation at 5 Gy/min while dashed line (squares) shows effects of radiation
at 20 Gy/min. Asterisks indicate that the effects of the two dose rates are signifi-
cantly different from one another.

257




PEROXIDE MODEL OF FREE RADICAL DAMAGE

In an in vitro system, free radicals are likely to mediate the damage
caused by ionizing radiation. Hydrogen peroxide or peroxide with
ferrous ions can be used as a model system to generate the very
reactive, hydroxyl free radicals through the Fenton reaction. Dam-
age produced can be compared with radiation damage. Peroxide
and peroxide/iron produce very similar deficits to ionizing radiation
(Fig. 4A). Both synaptic efficacy and postsynaptic action potential
generation are impaired following exposure to peroxide.* Figure

100 T T T A
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FIGURE 3 Radiation dose equivalent for peroxide damage. Concentration of
hydrogen peroxide that causes a decrease in the orthodromic population spike is
plotted against the radiation dose at S Gy/min required to elicit a similar deficit.
Straight line is computer fit by linear regression.
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Control H202

FIGURE 4 Effects of hydrogen peroxide (0.01%) on CA1 pyramidal cells of the
hippocampus. A: Peroxide causes a decrease in the orthodromic population spike.
Preceding calibration pulse is 1 mV, 2ms. B: Excitatory postsynaptic potential
recorded intracellularly from pyramidal cell is reduced by peroxide. Calibration:
10 mV. 10 ms. C: Antidromic inhibitory postsynaptic potential is reduced by per-
oxide. Calibration 1 mV. 100 ms.

3 shows a curve relating peroxide concentration to a radiation dose
producing similar degree of damage. A concentration of 0.005%
(1.8 mM) produces the same decrease in the orthodromic popu-
lation spike as approximately 45 Gy vy radiation at 5§ Gy/min. The
distinction should be made that peroxide damage is evaluated dur-
ing exposure while radiation damage is evaluated at least 15 min-
utes following exposure. Peroxide damage is, at least with the lower
doses, reversible. Within a half hour of removal, the effects of
0.005% peroxide or less are not functionally apparent. Higher
doses of peroxide do produce decreases in the population spike
that are not completely reversible within the experimental time
frame. With this in mind, the peroxidative damage may actually
be equivalent to much lower radiation doses.

An intracellular analysis®® is possible using the peroxide model
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for generation of free radicals. As predicted by field potential
experiments, intracellularly recorded synaptic potentials are re-
duced by peroxide (Fig. 4B, C). Both the excitatory postsynaptic
potential and the inhibitory postsynaptic potential are attenuated
by peroxide. This does not result from a change in membrane
resistance or membrane potential; neither is significantly affected
by peroxide. Directly evoked action potentials are not altered.
However, the neurons cannot sustain a train of action potentials
as well as in control; that is, spike frequency adaptation is increased
by exposure to peroxide.>8

ACTIONS OF A RADIOPROTECTANT

Dithiothreitol (DTT) is a sulfhydryl reducing agent that acts as a
radioprotectant.’®* It was tested in the hippocampal brain slice
in the hope of finding an antagonist to radiation and peroxide
damage. DTT has direct effects on the neural tissue.’” Interest-
ingly, it appears to produce damage that is the inverse of that
caused by peroxide and radiation. The orthodromic population
spike is increased in amplitude following a 30-minute exposure to
500 uM DTT (Fig. SA). In addition, DTT causes the appearance
of additional spikes in the field potential suggesting abnormal re-
petitive firing of the cells following exposure to the radioprotec-
tant. Spontaneous burst firing also appears.*? Analysis of the den-
dritic and somatic field potential recordings suggests that the synaptic
potentials become much more efficient in eliciting spikes. Intra-
cellular recordings*! reveal that the excitatory postsynaptic poten-
tial is prolonged but the inhibitory postsynaptic potential is un-
affected by DTT (Fig. 5B,C). Excitatory inputs, that normally
produce only one action potential, evoke a train of spikes following
exposure to DTT. Membrane resistance is not significantly altered,
but membrane potential is slightly (2-8 mV) depolarized. In con-
trast to peroxide, DTT reduces spike frequency adaptation; the
cells are more capable of sustaining a train of action potentials.
It is likely that the damage caused by DTT is a consequence of
its sulfhydryl reducing properties since the oxidized form of DTT
is without similar effects.>” The hydroxyl free radical is a strong
oxidizing agent and both peroxidative and radiation damage might
be a consequence of oxidation of membrane constituents. Al-
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FIGURE $ Effect of 30-minute exposure to dithiothreitol (500 uM) in CA 1 neurons
of hippocampus. A: DTT increases the amplitude of the population spike and
elicits multiple peaks in the extracellularly recorded somatic potential. Calibration
pulse preceding trace is 1 mV, 2 ms. B: Intracellularly recorded excitatory post-
synaptic potential is prolonged following DTT treatment. Calibration: 2 mV. 4 ms.
C: Inhibitory postsynaptic potential is unaffected by DTT. Calibration: 1 mV, 25
ms.

though DTT might not be a drug of choice to protect against
radiation damage, it might be valuable as a tool to reverse the
effects of free radical attack. The feasibility of this possibility needs
to be further evaluated experimentally.

CONCLUSIONS

Nervous system damage caused by ionizing radiation is quite com-
plex. Electrical activity in the brain is disrupted in vivo by doses
as low as 200 rads. The experimental deficits described here, al-
though experimentally elicited with higher doses, are likely to con-
tribute to this nervous system damage. Only very slight changes
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in neural properties are sufficient to disrupt the intricately balanced
neuronal networks of the brain. /n vivo the damage is compounded
by ischemia and radiation-released mediators. Repair mechanisms,
which in vitro might be adequate to functionally restore neurons,
might be rendered inadequate in vivo. In evaluating the effects of
radiation on the central nervous system. it is important to recognize
the variety of contributing factors; not only is the environment
changing due to altered blood flow and a damaged biood brain
barrier, neuronal excitability is altered.
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Abstract. Data in this report determined the effect of a
single injection of recombinant interleukin la(riL-1) prior
to irradiation of B6D2F mice on the recovery of colony-
forming cells (CFC) at early and late times after sublethal
and lethal doses of radiation. Injection of rIL-1 promoted an
earlier recovery of mature cells in the blood and CFC in the
bone marrow and spleen. For example, 8 days after 6.5 Gy
irradiation, the number of CFU-E (colony-forming units—
erythroid), BFU-E (burst-forming units-erythroid), and GM-
CFC (granulocyte—-macrophage colony-forming cells) per fe-
mur was approximately 1.5-fold higher in rIL-1-injected mice
than in saline-injected mice. Also, 5, 9, and 12 days after
irradiation, the number of both day 8 and day 12 CFU-S
(colony-forming units-spleen) was almost twofold greater in
bone marrow from riL-1-injected mice. The earlier recovery
of CFU-S in rIL-1-injected mice was not associated with an
increase in the number of CFU-S that survived immediately
after irradiation. Also, 7 months after irradiation, the number
of CFU-S per femur of both saline- and rIL-1-injected mice
was still <50% of normal values. Data in this report dem-
onstrate that a single injection of rlL-1 prior to irradiation
accelerates early hematopoietic recovery in irradiated mice,
but does not prevent expression of radiation-induced front-
end damage or long-term damage to hematopoietic tissues.

Key words: Interleukin la(IL-1) — Hematopoietic recovery — Col-
ony-forming units-spleen (CFU-S) — Granulocyte-macrophage
colony-forming cells (GM-CFC) ~ Burst-forming units—erythroid
(BFU-E)

A variety of inflammatory and immunoenhancing agents ad-
ministered to mice prior to irradiation increase the number
of animals that survive after lethal irradiation [1-6]. For
example, the radiation dose at which 50% of the mice die
within 30 days (i.e., LD50/30 radiation dose) was increased
by 1.0 to 3.0 Gy when agents such as bacterial endotoxins
(lipopolysaccharide [LPS)) or glucans were injected 18-24 h
prior to irradiation [1, 2, 5, 6). The increase in survival was
associated with an earlier recovery of mature cells in the

*Views presented in this paper are those of the authors; no endorse-
ment by the Defense Nuclear Agency has been given or should be
inferred.

Address reprint requests to: Dr. Gretchen N. Schwartz, American
Red Cross, Department of Transplantation, Biomedical Research
and Development, The Jerome H. Holland Laboratory, 15601 Crabbs
Branch Way, Rockville, MD 20855, USA,

peripheral blood [4, 5, 7, 8] and hematopoietic colony-form-
ing cells (CFC) in the bone marrow and spleen [8-11]. The
physiological mechanisms promoting the earlier recovery of
CFC and mature cells in these mice are not well understood.

Macrophages are one of the primary cellular targets of
inflammatory and immunoenhancing agents that are radio-
protective for mice {3]. Splenir. lymph node, and peritoneal
macrophages release interleukin 1 (IL-1) when stimulated in
vitro, with LPS [12-14], and expression of mRNA for IL-1
was demonstrated to be maximal from 4 to 20 h after acti-
vation [12, 13]). In vivo, IL-1 activity has been detected in
the plasma within 1 h after injection of LPS [15]. Recently,
Neta et al. [16, 17] demonstrated that a single injection of
murine or human recombinant IL-1-alpha (rIL-1) increased
survival in lethally irradiated mice. Administration of
rIL-1 to mice 20 h prior to their exposure to gamma radiation
increased the LD50/30 radiation dose by 1.0 to 1.9 Gy [16-
20].

Previous studies demonstrated that riL-1 injection before
irradiation increased the number of endogenous colony-
forming units-spleen (ECFU-S)in irradiated mice {20]. How-
ever, an increase in the number of ECFU-S is not always
associated with earlier bone marrow recovery or increased
survival [2, 3, 5, 8]. Studies in the present report were done
to determine the effect of rIL-1 injection prior to irradiation
on the early and late recovery of hematopoietic colony-form-
ing cells in B6D2F1 mice. In these studies, a single injection
of rIL-1 to mice 20 h prior to lethal doses of irradiation
increased the number of mice that survived beyond 30 days
and promoted an earlier recovery of BFU-E (burst-forming
units-erythroid) in the bone marrow. Also, rIL-1 injection
before sublethal irradiation accelerated early recovery of celis
in the peripheral blood and CFU-S (colony-forming units—
spleen), BFU-E, CFU-E (colony-forming units—-erythroid),
and GM-CFC (granulocyte-macrophage colony-forming cells)
in the bone marrow. However, the earlier recovery of CFU-S
in rlL-1-injected mice was not associated with an increase
in the number of CFU-S surviving immediately after irra-
diation.

Materials and methods

Mice. B6D2F1, or (C57BI/6] x DBA/2)F1, female mice were pur-
chased from Jackson Laboratories, Bar Harbor, Maine, and housed
five to ten mice per cage. Animals were maintained on a 12-h ligh
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Table 1. Survival of irradiated mice pretreated with saline or rIL-1

Radiation dose*

Calcu-
lation 9.5 Gy (n)* 10.5 Gy (n)*
% Surviving >> 30 days
Saline 65 + 13.0(70) 7 + 13.1 (105)
riL-1 100 + 0.0(40) 85+ 7.1 (50)
Mean survival time (survival <30 days)

Saline 13+ 4.5(12) 13+ 2.7 (20)
riL-1 None died (40) 16 + 4.1 (40)

Female mice B6D2F1 12-16 weeks old administered 0.5 ml saline
ur 150 ng rlL-1 20 h prior to irradiation.

* Cobalt-60 radiation at a dose rate of 0.40 Gy/min.

* Total number of mice from three studies.

dark cycle and were allowed food (Wayne Rodent Blox) and HCl
acidified water (pH 2.4) ad libitum. Mice 12-16 weeks old were used
for these studies. Research was conducted according to the principles
enunciated in the “Guide for the Care and Use of Laboratory An-
imals" prepared by the Institute of Laboratory Animals Resources,
National Research Council.

Treatment with interleukin 1 (1L-1). Administration of 150 ng rlL-1
to mice 20 h before their exposure to gamma radiation was previ-
ously determined to be within the dose range for riL-1-induced
radioprotection {16, 17, 20). Purified human recombinant IL-1 alpha
(rIL-1), a generous gift from Dr. Steven Gillis of Immunex (Seattle,
Washington), was used in these studies. The rIL-1 was supplied in
a solution of phosphate-buffered saline at pH 7.2 with a specific
activity of 7.5 x 10* U IL-1/mg protein, and aliquots were main-
tained at - 70°C. Immediately before use, stock solutions of riL-1
were diluted with pyrogen-free saline (McGaw), and 150 ng/0.5 ml
was administered to normal mice by intraperitoneal injection 20 h
before their irradiation. Control animals were administered 0.5 ml
saline at the same time. Endotoxin (LPS) contamination in rIL-1
stock solutions was measured by the Limulus lysate assay. Based on
these results <0.2 ng of LPS was administered per injection.

Irradiation. Mice were exposed bilaterally to gamma radiation at a
dose rate of 0.40 Gy/min from a cobalt-60 radiation source and
received total body doses of 1.0, 3.0, 5.0, 6.5, 9.5, or 10.5 Gy.

Hematopoietic colony-forming assays. Mice were sacrificed by cer-
vical dislocation, and the femurs and spleens were excised. Cells
were flushed from the tissues with Hanks’ balanced salt solution
(GIBCO) and dispersed through a 25-gauge needle until a single-cell
suspension was obtained. Cell concentrations were determined by
hemacytometer counts. Peripheral blood was obtained from orbital
sinus using heparinized 75-ul capillary pipets.

CFU-S (colony-forming units-spleen} determinations were done
basically as described by Till and McCulloch [21]. Recipient mice
were exposed to 10.5 Gy radiation. This dose was sufficient to reduce
background day-8 and day-12 macroscopic colonies 10 an average
of < 1 per spieen. Cell suspensions were diluted to give 5 x 10* to
1 % 10* cells in 0.2-0.5ml media and injected into a caudal vein of
each mouse. After 8 or 12 days. the spleens were removed, placed
into Bouin’s fixative, and the number of macroscopic colonies was
counted.

CFU-E and BFU-E determinations were made using a plasma clot
culture system as described by Weinberg et al. (22]. Cells were plated
at a final concentration of 2 x 10* to 1 x 10" cells/ml with 0.25
U/ml (CFU-E) or 3.0 U/ml (BFU-E) anemic sheep plasma, step 111
erythropoietin (lot no. 3092-2; Connaught Laboratorics) as 0.4-m)
plasma clots in four-well Nunclone culture dishes (Nunc). CFU-E
and BFU-E cultures were placed into a humidified 37°C incubator
with 5% CO, for 2.5 days and 8 days, respectively. Cultures were
then harvested, fixed, stained, and evaluated as described by McLeod
et al. [23).

GM-CFC (granulocyte-macrophage colony-forming cells) were as-
sayed using the double layer agar technique basically as described
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Table 2. Erythroid progenitor cells in bone marrow of mice 12 days
after lethal irradiaton

% Normal values/femur®

Treat-
ment® Cells CFU-E BFU-E
9.5 Gy
Saline 13 6.1 2i £ 25 0+00
riL-1 50 + 0.8 44 + 8.3 77 + 4.4
10.5 Gy
Saline 12+16 21+ 78 0+£00
rIL-1 17 + 1.4 35 + 8.8 8 + 0.7

Female B6D2F| mice 16 weeks old.

= Cells were pooled from both femurs of eight mice per group; values
are mean * SD of three studies.

* [P injection of saline or 150 ng rIL-1 20 h before exposure to cobalt-
60 radiation at dose rate of 0.4 Gy/min.

« Significantly different from saline values (p < 0.05).

by Hagan et al. [24). The culture medium was double strength CMRL-
1066 culture medium (Connaught Medical Research Laboratory)
containing 10% (vol/vol) fetal calf serum, 5% (vol/vol) horse serum,
5% (wt/vol) trypticase soy broth, 20 g/ml rL-asparagine, and peni-
cillin-streptomycin. In the bottom layer of 35-mm plastic petri dish-
es was | ml of a I:[ mixture of culture medium and 1.0% agar
(Bactoagar; Difco) containing 50 ul PMUE (pregnant mouse uterine
extract) as a source of colony-stimulating activity {25]. The top layer
contained | m! of a 1:1 mixture of culture medium and 0.66% agar
containing 5 x 10to 5 x 10¢ cells for assay. Cultures were incubated
at 37°C in 5% humidified CO, in air, After 10 days of culture, colonies
> 50 cells were scored as GM-CFC.

Statistics. Two-tailed Student’s ¢-test was used to test for significant
differences in colony-forming units and cells per tissue between groups
of mice.

Results

Survival of irradiated mice pretreated with
saline or rilL-1

The percentage of mice surviving beyond 30 days after ir-
radiation was compared for rIL-1- and saline-injected mice
(Table 1). The mean survival times of mice that died within
30 days were not significantly different for saline- or rIL-1-
injected mice exposed to 9.5 or 10.5 Gy radiation. However,
at lethal doses of radiation, more rIL-1-injected mice sur-
vived than saline-injected animals. For example, after 10.5
Gy irradiation, 93% of saline-injected mice died within 30
days, whereas only 15% of the rlL-1-injected animals died.

Effect of riL-1 on early recovery of CFC
after lethal irradiation

After lethal irradiation, there was evidence of an earlier re-
covery of CFC in bone marrow from rlIL-1-injected mice
than in saline-injected mice (Table 2). Twelve days afier 9.5
or 10.5 Gy irradiation, cellularity was <15% of normal,
CFU-E were 21% of normal, and BFU-E were not detectable
in bonc marrow from saline-injected mice. These values were
at least twofold higher in bone marrow from rlL-1-injected
mice 12 days afler 9.5 Gy irradiation. A smaller, but still
significant increase in bone marrow cellularity and BFU-E
content was observed in rlIL-1-injected mice 12 days after
10.5 Gy irradiation,
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Table 3. Recovery of in vitro colony-forming cells from saline- or rIL-1-injected mice after 6.5 Gy irradiation

Day 4 Day 8
Assay* Normal (n)® Saline-injected rIL-1-injected Saline-injected rIL-1-injected
Number/femur
Cells (x 10°) 13.2 + 2.63(15) 1.8 £ 0.60 28 + 1.14 7.8 + 1.64 120 + 3.53
CFU-E (x 10%) 29.7 + 5.64 (6) 0.8 + 0.64 20 + 1.63 154 + 291 239 * 6.36°
BFU-E (% 10?) 12.6 + 5.83 (V) 0+0 0+0 0.9 + 0.58 2.3 £ 0.50°
GM-CFC (x 10%) 21.3 + 4.00 (10) 0.4 +0.12 0.7 £ 0.11¢ 1.3 £0.22 2.2 + 0.02¢
Number/spleen
Cells (x 107) 12.8 + 1.86(13) 1.1 £0.43 1.1 £ 0.27 1.6 + 0.40 1.9 £ 0.26
CFU-E (x 10?) 39.6 + 3.60 (5) 00 00 0.2 + 0.38 1.0 £ 0.98
GM-CFC (x 103 7.0 £ 2.00 (8) 0.1 £0.14 0.2 +0.23 0.2 £ 0.07 04 + 0.18

Female mice B6D2F1 12-16 weeks old exposed to cobalt-60 radiation (0.40 Gy/min) 20 h after injection of saline or 150 ng rIL-1.
* Cells were pooled from both femurs and the spleens of five mice per group in each study.

* Number of studies; values are the mean = SD of mean values from three studies at day 4 and four studies at day 8.

< Values are significantly different from saline-injected mice at p < 0.05.

Table 4. Survival of day-8 and day-12 CFU-S 2 h after irradiation of saline- or rIL-1-injected mice

Day-8 CFU-S/femur (% 10%® Day-12 CFU-S/Femur (x 10

Radiation dose

(Gy) Saline riL-1 Saline rIL-1
1.0 1.5 £ 0.29 1.1 £0.12 3.7 £ 093 24 + 0.81
1.0 1.5 £ 041 1.4 £ 0.59 2.5 £ 0.54 2.2+ 082
3.0 0.2 + 0.07 0.2 + 0.04 0.3 £ 0.05 0.3 + 0.09
5.0 0.02 + 0.01 0.02 + 0.01 0.05 + 0.07 0.04 + 0.01

Female B6D2F1 mice 12-16 weeks old were administered 150 ng rlL-1 20 h prior 1o their irradiation. Two hours after irradiation, cells from

both femurs of three mice were pooled per group.

* CFU-S/femur were calculated from mean + SD of the number of colonies from five spleens per group.

Effect of rIL-1 on early recovery of CFC
after sublethal irradiation

After 6.5 Gy irradiation, 100% of both saline- and rIL-1-
injected mice survived beyond 30 days. However, as early
as 5 days after irradiation, the number of nucleated cells/
mm? blood was more than twofold greater in rIL-1-injected
mice (1330 + 363 for n = 3) than in saline-injected mice
(333 + 115 for n = 3). In addition, 8 days after irradiation,
bone marrow cellularity and the number of CFU-E, BFU-E,
and GM-CFC per femur was approximately 1.5-fold higher
in rIL-1-injected mice than in saline-injected mice (Table 3).
No significant differences were observed in splenic cellularity
and CFU-E and GM-CFC content from saline- and rlIL-1-
injected mice at these early time points afier 6.5 Gy irradia-
tion. Also, 5, 9, and 12 days after 6.5 Gy, the number of
day-8 CFU-S (data not shown) and day-12 CFU-S (fig. 1)
was twofold greater in bone marrow from rIL-1-injected mice
than from saline-injected mice. These results demonstrate
that rIL-1 injection prior to irradiation accelerated hema-
topoietic recovery in lethally (Table 2) and sublethally irra-
diated mice.

Effect of riL-1 on survival of CFU-S
after irradiation

The number of day-8 and day-12 CFU-S surviving “front-
end”” damage after irradiation was determined 2 h after ir-
radiation of saline- and rIL-1-injected mice (Table 4). The
number of CFU-S that survived decreased with increasing

radiation dose from approximately 33% of normal after 1.0
Gy to 0.4% normal after 5.0 Gy. However, there was no
significant difference in the number of CFU-S afier irradia-
tion of saline- or rIL-1-injected mice. In these studies riL-1
injection did not increase the number of CFU-S that survived
early after irradiation.

Effect of rIL-1 on late recovery of CFC
in irradiated mice

Bone marrow cellularity and CFC content were determined
for saline- and rIL-1-injected mice surviving 1.5 months after
9.5 or 10.5 Gy irradiation (Table 5). There was no significant
difference (p > 0.05) in the number of cells, CFU-E, BFU-E,
or GM-CFC per femur of saline- and rIL-1-injected mice.
Bone marrow cellularity and CFC content were still <60%
of normal values (Table 3) for both saline- and rIL-1-injected
mice 1.5 months after lethal doses of radiation.

Seven months after lethal or sublethal doses of radiation,
the number of day-8 CFU-S per femur of both the surviving
saline- and rIL-1-injected mice was significantly lower than
in age-matched nonirradiated animals (Table 6). For mice
that received 6.5 Gy radiation, there was no significant
difference in the number of CFU-S between saline- and rIL-
1-injected mice. In these mice, the number of day-8 CFU-S
per femur had recovered to approximately 40% of nonirra-
+eid controls. These results demonstrate that a single in-
«- on of rIL-1 prior to irradiation did not promote a re-
vovery of day-8 CFU-S to normal values.
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Table 5. Effect of rIL-1 injection on recovery of colony-forming cells in mice surviving 1.5 months after irradiaton

9.5 Gy 10.5 Gy
Assay Saline-injected rIL-i-injected Saline-injected rIL-1-injected
Number/femur*®
Cells (x 109 5.6 + 1.63 7.1 £ 0.99 8.4 + 2.67 7.0 £ 0.70
CFU-E (x 10%) 149 = 1.77 144 + 1.41 1.1 £ 6.71 7.2 +2.18
BFU-E (x 10?) ND- ND 5.0 + 3.00 3.7+ 231
GM-CFC (x 10%) ND 120 £ 0.99 4.1 + 0.37 34 +0.25

Female B6D2F1 mice 12-16 weeks old were administered 150 ng riL-1 20 h prior to irradiation.

= Cells were pooled from both femurs of three to five mice per group.

® Values represent mean + SD of mean values from two groups for 9.5 Gy and four groups for 10.5 Gy.

< No data.

TTT1I1In

Number/Femur
3
N

Day 5 Day 9 Day 12
Time Atter 6 5 Gy Irradiation

22 saine

S

Fig. 1. Recovery of day-12 CFU-S in mice irradiated after saline
or rIL-1 injection. Mice were administered 150 ng rIL-1 20 h prior
to their exposure to 6.5 Gy gamma radiation. Cells were pooled from
both femurs of five mice per group, and the number of CFU-S per
femur was determined. Values represent the mean + SD of colonies
from five spleens per group. The number of day-12 CFU-S/femur
of nonirradiated mice was 5.3 = 1.1 (x 103) for n = 8 groups.

Discussion

Data presented in this report confirm that rlL-1 injection
promoted an earlier recovery of CFU-E and BFU-E in le-
thally and sublethally irradiated B6D2F1 mice when admin-
istered 20 h prior to their irradiation. An earlier recovery
was also observed for GM-CFC, day-8 CFU-S, and day-12
CFU-S. Results in this report further demonstrate that the
earlier recovery of CFC observed in rIL-1-injected mice was
not due to an increase in the number of day-8 or day-12
CFU-S that survived early damage after irradiation. Also, 7
months after irradiation, day-8 CFU-S had not returned to
normal values in either saline- or rIL-1-injected mice.
Other studies have reported normal bone marrow and pe-
ripheral blood cellularity in mice within 3 to 4 weeks after
irradiation [6, 26, 27]). However, those studies and others
also demonstrated that the number of GM-CFC [28] and
CFU-S [26~30] was still below normal as long as | year after
irradiation. This inability to recover to normal levels is

Table 6. Recovery of day-8 CFU-S in bone marrow from saline-
or riL-1-injected mice surviving 7-8 months afier irradiaton

Treatment Number/femur (x 10°)
Saline + 6.5 Gy 1.4 + 0.39
rfIL-] + 6.5Gy 1.0 £ 0.37¢
riL-1 + 95Gy 09 + 0.1l
rIL-1 + 10.5 Gy 0.8 + 0.29
Normal® 3.2 +£027

Female B6D2F1 mice 12-16 weeks old were administered 150 ng

riL-1 20 h prior to irradiation.

* Cells from both femurs of three to five mice were pooled per group;
mean + SD of mean values from five mice per group; two studies
per group for 9.5 and 10.5 Gy and one study per group for 6.5 Gy.

®* Normal mice were age-matched nontreated controls.

< Values are significantly different from normal mice at p < 0.05.

thought to be due to long-term damage to tissues of the
hematopoietic microenvironment and/or damage to the he-
matopoietic stem cell compartments [27, 28]. A slower re-
covery of normal hematopoiesis in response to an additional
stress such as irradiation, bleeding, or chemotherapy has been
reported for animals in which complete recovery of the pro-
genitor and stem cell compartments has not occurred {31,
32]. In the present report, rIL-1 injection accelerated early
hematopoietic recovery in irradiated mice. However, 1.5 to
8 months after irradiation, CFC were still below normal val-
ues for both saline- and rIL-1-injected mice. The present
studies demonstrate that rIL-1 injection did not prevent the
expression of radiation-induced long-term damage 10 he-
matopoietic tissues. A similar lack of protection from long-
term irradiation damage has been reported for endotoxin-
injected mice [28].

In the present studies, within § days after 6.5 Gy there
were twofold more CFU-S per femur from rIL-1-injected
mice than from saline-injected mice. However, the number
of CFU-S 2 h after irradiation was not significantly different
for either group of mice. In preliminary studies (7 = 2), there
was no significant difference in seeding efficiency of day-8
CFU-S from nonirradiated mice 20 h after saline injection
(2.3 = 0.64) or rIL-1 injection (2.4 * 0.57). These studies
demonstrate that the earlier recovery of CFU-S in rlIL-1-
injected mice was not associated with an increase in the
number of CFU-S surviving “front-end™ damage by radia-
tion. Similar results have been reported after sublethal ir-
radiation of endotoxin injected mice [1, 11). In those studies,
the recovery of CFU-S in endotoxin injected mice was ap-
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proximately 2 days earlier than for control mice and was not
associated with an increase in the number of CFU-S that
survived “front-end” damage by radiation.

In normal mice, CFU-S represent a population of slowly
proliferating cells [33, 34}, and only approximately 10% of
CFU-S are in S-phase of the cell cycle. The proportion of
proliferating CFU-S is significantly increased in regenerating
bone marrow [35, 36]. However, CFU-S are recruited into
cell cycle only after a delay of 14-16 h after irradiation [35].
Possibie mechanisms for the earlier recovery of CFC after
irradiation may be that IL-1 injection, or IL-1 induced by
endotoxin injection, initiates DNA synthesis sooner or de-
creases the cell cycle time of CFU-S early after irradiation.
Dinarello {1 5] proposed that many of the biological activities,
including effects in cell proliferation assays, of IL-1 may be
the result of IL-1 acting like a calcium ionophore. Others
have demonstrated that CFU-S were rapidly stimulated into
cell cycle in vitro by calcium ionophore A-23187 and other
conditions that increased the intracellular influx of Ca?* [37].
Thus, after IL-1 injection intracellular Ca?* levels may be
increased sufficiently to initiate DNA synthesis of noncycling
populations of CFU-S early after irradiation.

An increased sensitivity of CFC to hematopoietic stimu-
latory factors may be another mechanism by which IL-1
injection enhances hematopoietic recovery in irradiated mice.
Recent reports demonstrated that IL-1 is equivalent to hemo-
poietin 1 [38]) and acts as a synergistic factor with CSF-1 or
IL-3 1o support the growth of colonies derived from more
immature CFC [38—40). One mechanism proposed for the
synergistic activity of IL-1 with CSF-1 is that IL-1 directly
or indirectly upregulates the receptors for CSF-1 on CFC,
thus CFC become more responsive to lower levels of CSF-1
[38]. Recently, IL-6 was reported to act synergistically with
IL-3 in supporting the growth of multipotential CFC from
5-FU-treated mice, and was found to be more effective than
IL-1 [40). In vivo and in vitro, rIL-1 induces the production
of colony-stimulating activity for in vitro CFC (17, 41] and
may also induce the production of IL-6 [40]. The production
of a variety of hematopoietic stimulatory factors induced by
IL-1 may be one mechanism for the earlier hematopoietic
recovery observed after irradiation of rIL-1-injected mice.
The results in the present rcport suggest that the effects of
rIL-1 and other cytokines induced by rIL-1 injection on cell
cycle kinetics of CFU-S are important in determining the
radiation sensitivity and the recovery of irradiated stem cell
populations.
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[. INTRODUCTION — ENDOGENOUS FACTORS AFFECTING
RADIOSENSITIVITY

Organisms have evolved in an oxygen-rich environment as well as under the influence of
radiation, and mechanisms exist to protect against oxidative damage due to many processes
including radiation exposure. Some of the factors' that influence sensitivity to ionizing
radiation are listed in Table 1. The role of antioxidant mechanisms in radiation injury may
be somewhat similar to those involved in other deleterious processes, such as chemical
carcinogenesis, oxygen toxicity, phagocytosis, inflammation, DNA degradation, photoox-
idation, aging processes, lipid peroxidation, and drug toxicity, insofar as similar reactive
oxygen species are involved in damaging molecular or cellular targets. Exposure to ionizing
radiation involves some unique aspects compared to other types of injury or disease involving
oxidative damage. These include the initial radiochemical events, the variability of the insult
ranging from low-dose background radiation to high exposures involved in localized radio-
therapy and potential nuclear accidents, and the type of pharmacologic intervention required
to prevent or treat radiation injury. The target and level of radiation determines whether
long-term effects (carcinogenesis, stimulation of the aging process, eic.) or short-term effects
(cell killing, loss of function) will occur.

Oxygen is"a very important factor in determining radiosensitivity because it enhances the
damage to cellular components caused by ionizing radiation. Intrinsic radiosensitivity is
dependent on DNA repair enzymes.* DNA repair in some organisms is inducibie by treatment
with chemicals, UV radiation, or ionizing radiation,® but it is beyond the scope of this
review to consider specific DNA repair systems. Although mechanisms involved in UV
irradiation damage may overlap ionizing radiation effects, this paper will emphasize chemical
protection against damage by ionizing radiation and predominantly against the effects of
photons (X- and <y-radiation). It is possible that free radicals and their products induced by
ionizing radiation can interact with reactive oxygen species formed during normal processes,
such as superoxide and H,0, produced by phagocytic cells or during enzymatic processes
(xanthine oxidase activity; enzymes involved in eicosanoid metabolism). Metals such as iron
can promote free radical damage,® whereas some bound metals have radioprotectant potential,
e.g., metallothionein’ and ceruloplasmin.® There is increasing evidence that maintenance of
the proper oxidation-reduction state of cells by the interconversion of the peptide sulthydryl,
glutathione (GSH), and its disulfide form (GSSG) is a factor in the modulation of cellular
radiosensitivity.”'® Other protein and nonprotein sulfhydryls may also play a role both as
targets of radiation damage and as protectors.'®' The maintenance of glutathione function
involves an amray of enzymes, including glutathione peroxidase. Other physiological an-
tioxidants (vitamin E) and antioxidant enzymes are interrelated in their function of controlling
oxidative processes.'? This review concentrates on the role of oxygen, glutathione, and
antioxidant enzymes in radiosensitivity and how exogenous chemicals interact with these
endogenous factors.

II. RADIATION CHEMISTRY

A. Direct and Indirect Action of Radiation

The generation of free radical species as a result of radiation exposure has been discussed
in detail,''*'* and only a summary of these reactions in the context of radiation injury and
protection is given here. It is generally believed that the most important radiation target is
DNA, although it is not clear how the precise lesions are related to ultimate effects. Because
of the possibility of other radiation targets and interaction of damaged molecules with normal
constituents, this paper presents a broader view of radiation damage with respect to protection.
The energy transfer from radiation to molecules results in a variety of physicochemical
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Table 1
ENDOGENOUS FACTORS AFFECTING RADIOSENSITIVITY

Oxygen concentration

Genetic components: DNA repair enzymes. cell cycle

Structural components: membrane proteins and lipids

Factors for maintaining redox states: thiols (glutathione) and disulfides. pyridine nucleotides

Regulatory factors: cyclic nucleotides, arachidonic acid metabolites, lymphokines

Normal procemses involving resctive oxygen species: immunologic processes, enzyme reactions and interconversions

Antioxidant enzymes: glutathione peroxidase. superoxide dismutase, catalase, other enzymes involved in gluta-
thione and glucose metabolism

Nutritions] Factors: vitamins E, A, and C

Antioxidant and Prooxidant metals: iron, zinc, copper, selenium, metal-containing proteins (storage and acute-
phase proteins)

Physical factors: temperature

reactions at <10-'? sec. When the radiation causes excitation or ionization of critical
biomolecules (such as DNA, enzymes, or membrane constituents [TH]), resulting in the
ultimate change in the cell or organism, it is called direct action.

radiation + TH—-T + H* + ¢~ )]

In indirect action, radiation damage is caused by free radicals (R") produced initially by the
interaction of radiation with intermediate molecules, primarily with water.

TH+R -»T )

The radiation effects of X and <y-rays, which are commonly used in radiotherapy, are
predominantly due to indirect action. [rradiation with high linear energy transfer (LET,
energy transferred per unit length of the track), such as heavy ions and neutrons, results in
radiation damage predominantly by direct action.'®'” In this case, endogenous or exogenous
protectors would have to compete with the early events (very unlikely) or repair the radical
damage to the target molecule.

B. Radiolysis of Water, Reactions of Oxygen, and Time Scale of Events for
Radioprotection

Pulse radiolysis studies have been useful in elucidating radiochemical mechanisms in
relation to radiation protection by providing data on free radical yields, pathways, and rates
of reactions.'*? The time scale of events is very important in the context of development
of free radical scavengers as radioprotectors.’

The initial reactions of ionizing radiation in cells involve mainly the radiolysis of water
with the formation of reactive species (Equations 3 to 7).

radiation + H,0 —» H,0* + ¢ 3
H,0* + H,0 — H,0* + "'OH @
HO + e~ = H + 'OH 6]
‘OH + 'OH — H,0, (6)

e” + HjO— e, (hydrated electron) )
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These reactions occur within a period of 10" to 10°'° sec, and the approximate yields at
107* sec of ‘'OH, e, H', H,0, and H, per 100 eV (G values) formed on the radiolysis of
water are 2.6, 2.6, 0.6, 0.75, and 0.45, respectively.'* Since cellular water contains oxygen,
0,7 and HO; are also formed.

0, +e,—0,° (8)
H + O, — HO; 9

Strictly speaking, some of the radicals formed can have either a reducing or oxidizing
effect,' as can some scavengers. It is generally believed that the most damaging effect
resulting from the radiolysis of water in cells is the action of the oxidizing radical
'OH'.’2~23

TH+ OH—T + H,0 «10)

The most efficient radioprotectors are reducing agents or have antioxidant potential. The
target free radical (T') formed in Reaction 10 can be either repaired or protected by endo-
genous protectors (such as GSH, vitamin E, vitamin C) or exogenous protectors (such as
aminothiols or other sulfhydryls). Efficacy of protection would include proximity of the
protective agents to the site of damage.

T + RSH— TH + RS’ ()

In a competitive reaction, biomolecules can be damaged (sensitized) by oxygen (**fixation
of damage’’),** e.g., by the following reaction:

T + 0,— TOO’ (12)
In addition to Reaction 8, superoxide can also be formed as follows:**
T+0,-T" +0,° (13)

The generation of oxygen free radicals initially on the radiolysis of water, during further
cractions, and their interconversions (see also Section 11.C., below) suggest that antioxidant
enzymes (superoxide dismutase, catalase, glutathione peroxidase) might act over a period
of time.

The interaction of target products with reactive oxygen species formed at a later time or
evolved during normal cellular processes suggests the possibility of protection or repair at
later times.?*

TOO" + O,7 + H* — TOOH + O, (14)

Alternatively, peroxyl radicals such as the long-lived peroxyl radicals of DNA and poly-
nucieotides may react with thiols to form hydroperoxides.?

TOO" + RSH — TOOH + RS’ (15
Hydroperoxides (DNAOOH or Lipid-OOH) formed in Reaction 14 or 15 could be repaired

by GSH and glutathione peroxidase to obtain the hydroxylated product, an altered target (T-
OH), which may undergo further enzymatic transformation.
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TOOH + GSH —» TOH + GSSG (16)

Singlet oxygen can also be formed*’ as a secondary product from TOO".
2TO0" — TOOT + 'O, an

In this case, protection by singlet oxygen scavengers, ¢.g., carotene, may be effective. The
suggestion that peroxyl radical reactions are important in defining the oxygen effect (increased
cell damage in the presence of oxygen) can provide insights into the development of agents
that modify radiosensitivity.”*

From consideration of the above reactions. it is expected that ‘OH scavengers present or
administered before radiation exposure would be effective protectors. Similarly. compounds
that would donate hydrogen for repair immediately after radiation damage (Reaction 11)
would be effective. Although the postirradiation administration of free radical scavengers
would not be expected to have much effect, evidence exists that this may occur to some
extent and is probably related to modulation of later reactions. There is some evidence for
protection against lethality of mice administered the following protectors after irradiation:
sulfhydryl compounds (mercaptopropionylglycine.® dithiothreitol*"). superoxide dismu-
tase." and B-carotene.*? In vitro studies have also indicated protection against mutagenic
effects by the postitradiation addition of superoxide dismutase® or 2-(3-aminopropylam-
ino)ethanethiol (WR-1065).>

C. Effect of Metal Ions

Iron enhances the formation of ‘OH from O3 and H,0, (formed during the radiolysis of
water or subsequently through SOD catalysis) by. the metal-catalyzed Haber-Weiss reaction®
(Reaction 18). Metal ions may also interact with lipid or other hydroperoxides and catalyze
the formation of other free radicals' (Reaction 19).

Fe
HzOz + ()27 — .OH + Oz + OH— (18)
Fe, Cu
TOOH ——— TO" + OH" 19

Figure | represents results of a typical experiment indicating the promoting effect of Fe.
Radiation-induced lipid peroxidation of erythrocyte membranes. measured as pentane for-
mation, can be enhanced by the presence of Fe?* (ferrous ammonium sulfate) during irra-
diation. Pentane evolution was inhibited by scavengers of O3 (SOD), H,0, (catalase), or
"OH (benzoate). This supports the interrelationship of radiation-induced reactive oxygen
species through the iron-catalyzed Haber-Weiss reaction with the formation of "OH species.
There was inhibition with the radioprotector WR-2721 present during irradiation, but less
with its free sulfhydryl form (WR-1065), suggesting oxidation of this compound during
irradiation. The promoting effect of Fe on radiation-induced lipid peroxidation was also
demonstrated in vivo (Figure 2). An increase in pentane in the expired air of irradiated rats
was observed | day after irradiation, and pentane evolution was much higher in rats pretreated
with iron-dextran before irradiation. These data indicate that chelation of metals is a valid
concept in radioprotection.
[11. CHEMICAL MODIFICATION OF RADIATION EFFECTS

A. Oxygen Effect and Chemical Sensitization
After briefly considering the radiochemical events occurring during radiation exposure
and the overall endogenous factors in cells defining radiosensitivity, we can consider further
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how specific chemicals modify radioprotective or sensitizing events. The major practical
reason for studying radiosensitization by chemicals is to improve the efficacy of radiotherapy
of tumors. Cell survival studies show the effect of oxygen in promoting cell kill during
radiation exposure.>”** If the radiosensitivity of cells irradiated under anoxic conditions is
asgigned a value of 1, the radiosensitivity in oxygen for most cells varies between 2 and
3.5. The increase in radiosensitivity as the oxygen tension increases occurs from 0 to 30
mm of Hg, and further increases of oxygen content to that characteristic of air has little
further effect. The oxygen enhancement ratio (OER) is defined as the ratio of absorbed doses
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required to produce the same effect for irradiation in the absence and presence of oxygen.
Much of the current research in radiobiology is based on the idea that human tumor cells
in vivo are hypoxic. There are areas of necrosis and regions of hypoxia located away from
the blood vessels as the source of oxygen supply. Tumor cells outgrow their blood supply,
resulting in decreased availability of oxygen and become radioresistant. Increased radiores-
istance may also result from anaerobic metabolism, which increases the level of radiopro-
tective-reducing equivalents. Selective sensitization of even a small fraction of hypoxic cells
greatly improves treatment by increasing the therapeutic ratio of tumor cell killing to sur-
rounding normal tissue damage. A number of ways have been proposed to overcome the
hypoxia of tumor cells.™ Intrinsically. the reoxygenation of tumor cells between fractionated
radiation doses could have this effect. Extrinsic means that are potentially available in an
attempt to reduce the total radiation dose to patients include the use of hyperbaric oxygen
and oxygenated perfluorochemical emulsions. The use of high-LET radiation, as opposed
to the r -'re commonly used vy-irradiation. takes into account the fact that the oxygen effect
is not reduced with high-LET radiation.'” The most effort has been in the development and
investigation of chemical radiosensitizers that mimic the oxygen effect. The prototype ra-
diosensitizers, nitroimidazole derivatives. have been tested clinically with the main toxicity
being peripheral and central nervous system neuropathies.

Proposed metabolic pathways of the most-studied sensitizer, misonidazole, 1-(2-nitro-1-
imidazolyl)-3-methoxy-2-propanol. are shown below.'® Misonidazoie (RNO,) is reduced by
electron addition (RNO; ) and then is successively reduced under anoxic conditions (Reaction
20) or can react with oxygen (Reaction 21).

[
R-NO; —— R-N=0 — R-N'-OH —— R-N-OH (20)
2H* H* H* |
H
02 e
R—NO{ —_— 02’ ?}'{_:’ HzOz (21)

Studies on the complex interactions resulting from misonidazole metabolism have provided
a basis for understanding the biochemistry of radiosensitization. In an anoxic situation (tumor
cell). successive reduction steps by electron addition lead to intermediates which can con-
jugate with various molecules including DNA and GSH.**' In hypoxic cells, misonidazole,
in effect, substitutes for oxygen in fixing radiation damage by reacting with radicals of
biomolecules, thereby sensitizing hypexic cells.*> Misonidazole itself is toxic to hypoxic
cells, perhaps related to depletion of GSH and protein sulfhydryls.' In the presence of
oxygen (Reaction 21), superoxide and hydrogen peroxide are by-products of oxygen reduc-
tion, which may be related to the toxicity of this compound.

B. Chemical Protectors
1. Drug Development

The study of radioprotectors in vitro and in vivo has also led to a better understanding of
the fundamental mechanisms of radiosensitivity. The first in vivo report of protection by
exogenous chemicals against ionizing radiation is generally credited to Patt et al.,”’ who
found that cysteine could increase the survival of rats exposed to a lethal dose of X-rays.
From that time, many classes of compounds have been studied as radioprotectors. The
theories of radioprotection and the testing of different types of compounds have been ex-
amined in some excellent reviews'-**° and will be discussed here only selectively. The most
effective radioprotection has been by sulfhydryl derivatives administered shortly before
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irradiation. It has been postulated that exogenous sulfhydryl compounds act by one or a
combination of effects: scavenging radiation-induced free radicals directly before their re-
action with biomolecules; interaction with cellular sulfhydryls (mixed disulfide hypothesis);
metal scavenging, lowering oxygen tension; and hydrogen donation, which is currently the
most prominent theory (Reaction 11). Some classes of nonsulfur compounds clearly act by
inducing anoxia and therefore provide protection. Protection at the physiological or im-
munological level can also occur and may not be readily predicted by considering the
radiochemical events. The early research programs in radioprotector synthesis and testing
resulted in analogues of cysteine and mercaptoethanolamine (cysteamine) that proved to be
too toxic. In the early 1950s, the Atomic Energy Commission initiated a program of radi-
oprotector development, which led to the synthesis of AET (aminoethylisothiourea) and an
increased understanding of the structural features of sulfur compounds which were important
for protection. In 1959, the Antiradiation Drug Development Program was initiated by the
U.S. Army Medical Research and Development Command, and approximately 4400 com-
pounds were developed and tested from 1959 to 1973.* From this program, the prototype
radioprotector was developed: WR-2721 or ethiofos, S-2-(3-aminopropylamino)ethyl-
phosphorothioic acid. WR-272] and related compounds are phosphorylated aminothiols,
which were major improvements over earlier compounds in terms of potency, tolerance,
and duration of action.*” A new impetus for the study of radioprotective drugs came from
the idea that tumor cells are less protected by WR-2721 than is normal tissue®' (although a
subject of controversy) and initial clinical studies on the use of WR-2721 as a radioprotector
and chemoprotector.’-** Despite undesirable side effects observed in clinical** and animal
studies,> WR-2721 remains the most effective chemical radioprotector. It is not yet clear
whether other phosphorothioates with structural modifications will prove to be more useful
than WR-2721 in terms of efficacy of preparations (oral vs. parenteral), preferential tissue
protection, or effectiveness against different types of radiation (neutrons vs. gamma).*’-3%5’

2. End Points for Radioprotector Effects

In discussing chemical radioprotection, it is necessary to consider the various types of
radiation injury.*® The amount of radiation reccived by an experimental animal can be
correlated with specific cell or tissue injury. The lowest amounts of whole-body radiation
causing death (for mice approximately 6 to 9 Gy [600 to 900 rad)) results in hematopoietic
death. Bone marrow cells are very sensitive targets, and their destruction leads to hematologic
and immunologic impairment, with the death of mice not usually occurring before | week
after exposure. In vivo radioprotection is most readily studied by determining the 30-day
survival postirradiation (Figure 3), which indicates protection, for the most part, against
hematopoietic injury, and to a lesser extent against gastrointestinal (GI) injury. Higher
radiation doses result in GI death, which is more difficult to protect against, at times usually
less than 1 week in mice. (One of the most effective nonsulfhydryl protectors against GI
damage is 16,16-dimethyl prostaglandin E,.)* Cellular end points also can be effectively
used toecvaluate radioprotective effects; these include protection against chromosomal
aberrations® and survival of bone marrow and gut colony-forming units.* Litile evidence
exists for protection against CNS death, which occurs at high radiation doses, when chemicals
are given systemically. Postirradiation decreases in cerebral blood flow (which may be related
to behavioral effects caused by high radiation exposure to primates) can be partially alleviated
by treatment with the mast-cell stabilizer disodium cromoglycate.$' The possible free radical
involvement in these events is suggested by the favorable effect of allopurinol, an inhibitor
of xanthine oxidase-mediated superoxide formation, on the postirradiation decrease in re-
gional cerebral blood flow in primates.®

The determination of 30-day survival at different radiation doses allows calculation of the
dose reduction factor (DRF). The DREF is the ratio of (1) the dose of radiation needed to
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FIGURE 3. Survival curves of male CD2F1 mice treated with radioprotectors. WR-2721
or diethyldithiocarbamate (DDC) was given 30 min before irradiation. and sodium selenite
(Se) was given 24 hr before irradiation. (Data obtained from References 63 and 64.)

have the same biological effect (usually 50% survival) with the drug to (2) the radiation
dose without the drug. Calculation of the DRF allows comparison from laboratory to lab-
oratory on the effects of potential radioprotectors, although it is not without difficulty, e.g..
the use of different mouse strains can provide variable results. Survival studies are imperative
since in vivo protection often differs from what would be expected from in vitro studies or
radiochemical considerations. Figure 3 compares survival curves for WR-2721 with di-
ethyldithiocarbamate (DDC) administered at equitoxic doses. Injection of selenium as sodium
selenite (1.6 mgrkg) provides a small radioprotective effect, but when injected 24 hr before
WR-2721, the combination increases the radioprotective effect of WR-2721 (pretreatment
with Se also decreases the toxicity of WR-2721). This synergistic effect of Se and WR-
2721, providing one of the highest DRFs reported in mice,* points out the possibility of
combined radioprotector regimens. Increased radioprotection by combining agents has been
shown previously using compounds with different major mechanisms of action.®® Treatment
with WR-2721 consistently gives a DRF of 2 or greater in mice in many different laboratories.
Most other compounds, including sulfhydryl compounds such as DDC that are not structurally
related to WR-2721, provide moderate protection, whereas a large number of treatments
have been reported to provide a small amount of protection (DRF in the range of 1.2). One
of the problems in comparing DRFs is that further evaluation of substances having small
DRFs may not be attempted, although these compounds may have value in specific circum-
stances or may have low toxicity.

The effects of chemical modifiers may be compfex. This is exemplified by the properties
of DDC which are émphasized in this report. Even though DDC inhibits superoxide dismutase®
and in some instances can act as a radiosensitizer.,%” it does provide overall protection against
whole-body irradiation.

3. Immunological and Systemic Effects

Stimulation, as well as protection of the immunohematopoietic system, is an important
aspect of radioprotection. The most attempted postirradiation treatment of whole-body irra-
diated patients and accident victims involves bone marrow transplantation, and in addition,
other procedures for maintaining a supply of functional hematopoietic and lymphoid cells

—
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are desirable. The use of biologic response modifiers to stimulate hematopoietic proliferation
and differentiation and modulate immune responses is under intensive investigation in relation
to treatment of various diseases and for use in conjunction with cytotoxic therapies. With
respect to radioprotection, a modest increase in survival has been obtained with various
*‘immunostimulants’’. Among these compounds, the most defined effects have been obtained
for endotoxin,*®® the polysaccharide glucan® (probably the most radioprotective of the non-
sulfhydryl immunomodulator class), and the lymphokine interleukin-1.7 Typically, these
compounds are most effective when injected into mice approximately 1 day before irradiation,
suggesting that adequate time is needed for pluripotent hematopoietic stem cells to proliferate
and differentiate into progenitor cells of the immune system. Injection of these substances
also gives rise to a large variety of mediators and other immunomodifiers such as acute-
phase proteins, arachidonic acid metabolites, and histamine. One aspect of radioprotection
by interleukin-1 has been proposed™ to be the induction of increased levels of metallothionein
and the acute-phase protein ceruloplasmin, both of which have antioxidant and radiopro-
tective potential.”* Much remains to be determined about the radioprotective mechanisms
of immunomodulators. For instance, recent experiments that appear to conflict with other
studies have shown that glucan provides a DRF similar to sulfhydryl compounds when
administered |5 min before irradiation.” Increasing evidence shows that the action of some
immunomodulators involves the mediation or modulation of free radical processes, e.g.,
interferon, which also may have radioprotective effects,’ induces xanthine oxidase.” The
role of GSH in modulating immune responses is becoming established, as is the possibility
that exogenous sulfhydryl immunomodulators, as well as nonsulfhydryl antioxidants, interact
with GSH in immune cells.”™ The modest radioprotective effects of some nutritional factors
(such as vitamins E, A, and C, zinc, and selenium) may involve to some extent the en-
hancement of immune responses, leading to an increased ability to control postirradiation
pathogenic effects.’>75 (The greatest DRFs reported for nutritional substances were pro-
vided by increased B-carotene or vitamin A in the diet, even when first administered after
irradiation. )%

The systemic effects of radiation, which may be related to some long-term effects, are
somewhat similar to those occurring in other types of traumatic injury or inflammatory
processes. These include induction of acute-phase proteins, altered eicosanoid metabolism,
increased histamine, altered trace metal metabolism, increased iron levels, and nutritional
derangements. In a situation of prolonged low-level radiation exposure or other oxidative
stress postirradiation, these changes would result in further modulation of deleterious effects,
especially on the immune system.” Some sulfhydryl compounds have immunomodulatory
effects, but is is not clear how this activity is related to their radioprotective activity. The
main clinical and experimental studies of DDC involve stimulation of predominantly T cell-
mediated responses.” Most of these effects are obtained at much lower concentrations than
those required for protection against whole-body irradiation (Figure 3). The overall protection
of immune status by potential radioprotectors has been estimated by measuring the effect
on delayed-type hypersensitivity to oxazolone in mice irradiated with a sublethal dose of
radiation™ (Figure 4). Comparison of immunoprotection by WR-2721 and DDC given at
equitoxic doses again shows a greater protective effect of WR-2721. The delayed-type
hypersensitivity response represents a complex interaction of macrophages, lymphocytes,
and lymphokines, but for the most part the protection obtained probably reflects protection
of progenitor cells.” Comparison of immunoprotection against a sublethal dose of radiation
and protection against a lethal dose by various sulfhydryl compounds is shown in Table 2.
The drugs were administered in equitoxic doses, and a comparison is also given of their
behavioral toxicities. It is seen that the most effective compound for one parameter is not
always the preferred compound for another. In relation to toxicity, WR-2721 appears to be
the most effective protector against lethal and sublethal irradiation.
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FIGURE 4. Effect of WR-2721 and DDC on delayed-type hypersensitivity in irradiated
mice. Mice were sensitized to oxazolone 3 days before irradiation and challenged with
oxazolone 2 days after immadiation (7 Gy cobalt-60). Drug treatment as in Figure 3. (Data
obtained from Reference 63 and unpublished data.)

Table 2
TOXICITY AND RELATIVE RADIOPROTECTIVE EFFECTS OF SOME
SULFHYDRYL COMPOUNDS IN MICE™*

Survival after a Lethal Dose of Radiation®

Most effective Least effective
WR-2721 » DDC = MEA > NAC > GSH

Immenoprotection to a Sublethal Dose of Radiation®

Most effective Least effective
WR-2721 > MEA > NAC > GSH > DDC

Behavioral Toxicity

Least toxic Most toxic
GSH > NAC > WR.2721 » MEA > DDC

*  30-day survival of male CD2F| mice exposed to 13 Gy cobalt-60 after i.p. injection of one half the LD,, dose
of WR-2721 (400 mg/kg); DDC, diethyldithiocarbamate (800 mg/kg); MEA, cysteamine (200 mg/kg); NAC,
N-acetyicysteine (1000 mg/kg); and GSH (1000 mg/kg).

*  Delayed-type hypersensitivity to oxazolone determined in mice treated with one half the LD,, dose of the drugs
injected before 7 Gy cobalt-60.

¢ Locomotor activity evalusted using an automated activity monitor afier one quarter the LD, dose of the drugs.
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Levamisole is a radioprotector of minimal efficacy which has been extensively studied as
an immunostimulant.*>* We found that its main metabolite, a suflhydry! derivative, OMPI,
promoted microsomal lipid peroxidation induced by ADP-Fe or NADPH/ascorbate when
present in low concentrations, but inhibited lipid peroxidation at higher concentrations.®®
Many immunomodulators have bimodal effects, and OMPI was also found to have a biphasic
effect in its interaction with cellular microtubules.* The anomalous behavior of sulfhydryi
compounds is suggested by in vitro studies or studies with cell-free systems, indicating H,O,
formation due to oxidation of the compounds or other prooxidant effects.*” One might expect
different pharmacologic effects of sulfhydryl compounds at different concentrations. At low
concentrations, the overall effect might be determined by interaction with endogenous sulthy-
dryl groups; at higher concentrations, the cells would be flooded or overwhelmed with
antioxidant sulfhydry! groups. The relation of pharmacologic effect to cellular concentration
might be especially true for DDC, which has an immunostimulatory effect at very low
levels™ and either sensitizing or protecting effects at higher levels, dependeing on the
endogenous milieu®”-** (this is further discussed in Section V). The pharmacokinetics and
activity of WR-2721 and related compounds can differ markedly from other sulfhydryl
radioprotectors due to the fact that it is inactive until dephosphorylated at the cell membrane
level or in the cell, which probably is a major factor in its relatively lower toxicity and
increased radioprotective effect.*’

4. Metabolism of WR-2721 and Effect of Oxygen on Sulfhydryl Radioprotection

Proposed metabolic pathways of WR-2721 based on various studies on the metabolism
of thiol-containing radioprotectors*>*? are shown in Figure 5. The pathways indicate the
interaction of oxygen in the metabolism of this compound. After the sulfhydryl derivative
WR-106S$ is formed by the action of alkaline phosphatase, it can oxidize to the disulfide
with H,0, as a byproduct (a toxic side effect {?]). The WR-1065 or disulfide may interact
with protein and nonprotein sulfhydryls to form mixed disulfides, and these interactions can
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go back and forth until the drug is eventually eliminated. It is not clear whether WR-1065
can be metabolized in a similar fashion as cysteamine,* i.e., to a disulfide utilizing a
monoxygenase or to a sulfinic acid compound utilizing a dioxygenase. The latter would not
revert back to an active sulfhydryl compound. Evidence exists that WR-1065 is metabotized
to cysteamine. a naturally-occurring aminothiol, through the action of a polyamine oxi-
dase.”*' It is ironic that WR-2721, which was developed partly to replace toxic protectors
such as cysteamine, may be metabolized to cysteamine as one of its active metabolites.

Whether the mechanism of radioprotection by WR-2721 is partially related to oxygen
effects is under investigation and being debated. Purdie.* e.g., has concluded that oxygen
consumption during the formation of the disulfide can induce local tissue hypoxia, which
may be responsible for the early protection by WR-2721 or protection by lower concentrations
of the drug. Only later would protection due to hydrogen transfer predominate. Also, selective
tissue hypoxia probably occurs at the physiological level, since early work by Yuhas*
indicated that splenomegaly was caused by WR-2721 in mice due to sequestration of red
blood celfs. In splenectomized mice, little protective effect was seen. In any case, the
protective effect of WR-2721 in vivo has been shown to be influenced by oxygen tension.
According to Denekamp et al..,” if oxygen and the sulfhydryl compounds are competing
for repair and fixation of the initial radiation lesions, the most effective competition would
occur in the region where the oxygen concentration was barely adequate for providing
radiosensitization. In one of their studies,*® epidermal cell survival was determined in ir-
radiated mice treated with WR-2721 and irradiated in various concentrations of oxygen. No
protection was seen in nitrogen, a large effect was seen in air, and a reduced effect in 100%
oxygen. The maximum skin protection was observed in air-breathing animals, but it fell
dramatically when the surrounding oxygen concentration was increased or decreased. Sen-
sitization by misonidazole in the same type of experiment essentially showed a mirror image
of protection by WR-2721, clearly demonstrating that both sensitization and protection are
oxygen dependent.*

IV. ENDOGENOUS GLUTATHIONE, SENSITIZATION, AND PROTECTION

Glutathione (GSH) represents 90 to 95% of the total nonprotein sulfhydryls in cells, and
as such it is believed to play an important role in the termination of the free radical reactions
and oxidative processes that occur in radiation exposure.®'%%7 Other nonprotein sulfhydryl
compounds with potential radioprotective effects are cysteine, COASH dipeptides, cysteam-
ine, and their disulfide forms. GSH may have a unique role as a2 mobile and transient
reservoir of sulfhydryl groups in organs such as liver, kidney, and blood, acting in detox-
ification mechanisms in relation to oxidative damage and xenobiotic metabolism.”® GSH
has the potential for scavenging radicals formed by ionizing radiation, e.g., ‘OH and other
free radicals, or by hydrogen transfer to altered (damaged) biomolecules (Equation 11 or
15). It has the ability to detoxify H,0O, nonenzymatically and H,O, and other peroxides
through the action of glutathione peroxidase™ (see Section V). The sulfur-centered radicals
formed due to the action of ionizing radiation have been extensively studied by pulse
radiolysis.*® One potential radical, GSOO", may have importance in defining the interre-
lationship of GSH and the oxygen effect.'® The alteration of GSH levels in cells is an
effective method for determining the effects of potential treatment modalities involving GSH
depletion. The GSH levels in tumor cell lines appear to have a large variation, and there is
therapeutic potential for reducing GSH levels in radiation- and drug-resistant tumors as well
as in relation to metabolism of some chemotherapeutic agents.’” Figure 6 shows some
possible means of altering GSH levels. Some reagents have been used for many years to
accomplish this, such as diethylmaleate (DEM) and N-ethyl maleimide (NEM).'** NEM acts
rapidly with cellular thiols, including protein thiols, to form covalent adducts. However,
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FIGURE 6. Chemical manipulation of glutathione levels in cells. DEM = dicthylmaleate; NEM = N-ethyl-
maleimide; DMF = dimethylformamide; and OTZ = oxathiazolidine.

the high reactivity of NEM affords little specificity and results in considerable toxicity.
DEM reacts similarly, but it is less reactive; again, it is not specific for GSH, and its erfects
are of short duration because the rate of GSH synthesis may increase sharply after depletion
of GSH. Diamide is an oxidant resulting in the formation of GSSG. Although useful in-
formation has been obtained using this drug, the effects are generally short lived, being
normally reversed within a few seconds unless the reductive capacity of the cell is suppressed.
In general, the depletion of GSH, e.g., by DEM, results in greater sensitization of hypoxic
cells.'®® Meister and co-workers'™ have developed reagents for the inhbition of GSH that
are more specific for GSH depression. Buthionine sulfoximine (BSO) inhibits y-glutamyl-
cysteine synthetase so that glutathione synthesis cannot proceed and can lead to radiosen-
sitivity,'* especially in combination with nitroimidazole radiosensitizers.'® The beneficial
effects of combined BSO and radiosensitizer treatment are yet to be clearly shown in vivo,
and the results may depend on the type of tumor and perceatage of hypoxic cells. '
Another approach to the study of the role of GSH in radiosensitivity is the use of GSH-
deficient cells such as human fibroblasts with a deficiency in GSH synthetase. Revesz and
Edgren'?”1% have concluded from their studies that GSH participates in the oxygen effect.
In deficient cells, GSH levels are about 6% of normal, although other nonprotein sulthydryls,
not clearly identified, are 50% of normal. For GSH-deficient cells, the hypoxic radiosen-
sitivity (single-strand breaks and cell survival) is aimost the same as the oxic radiosensitivity.
The explanation for depressed oxygen effects in the absence of GSH is based on the com-
petition hypothesis, wherein oxygen and aminothiols compete for radiation-induced radicals
in key target molecules (see Equations 11 and 12). Somewhat similar conclusions were
obtained when cells were irradiated hypoxically in the presence of misonidazole; oaly slight
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sensitization of GSH-deficient cells was seen. Further studies with BSO-depleted normal
cells led to the conclusion that GSH is rather specific in defining the enhancing effect of
oxygen in cellular radiosensitivity, although not absolute, since other thiols could substitute.'®
The specificity might be due to some particular chemical properties or location of GSH at
specific sites in the cell. Some practical aspects to glutathione depletion exist in relation to
radiation exposure and combinations of injuries, since it is rather easy to depress GSH in
some. but not all, cell types by fasting, aspirin, acetominophen, organophosphates, and
other drugs.'?

While evidence exists that GSH depletion potentiates radiosensitization, it is less clear
whether increasing cellular levels of GSH result in radioprotection. For example, treatment
with oxathiazolidine (OTZ) leads to increased GSH level in cells''' (see scheme in Figure
6). When cultured cells were pretreated for 2 hr with OTZ, a dramatic increase in GSH was
seen (230% of controls), but no radioprotective effects.''? This implies that there may be a
minimal level of GSH needed for radioprotection. e.g.. in conjunction with GSH peroxidase.

GSH esters have been developed as a means of getting GSH into cells (Figure 6), and
the monoethy! ester of GSH provided radioprotection to cultured human lymphoid cells that
had been depleted of GSH with BSO.'"? Some protection also has been observed in HeLa
cells irradiated under air by treatment with GSH monomethyl ester.''* In BSO-treated cells,
GSH ester, which increased the cellular GSH level by 40%, provided radioprotection under
nitrogen.''* Although some studies have indicated that cysteamine causes an increase in
GSH levels in cells,''® perhaps by displacement from mixed disulfides, no increase in GSH
levels were observed in BSO-treated cells after cysteamine treatment. However, cysteamine
protected cells irrespective of whether they were depleted of GSH or not, and protection
was greater than for normal cells irradiated under nitrogen. This suggests that endogenous
protective systems might be overwhelmed by efficient exogenous sulfhydryl protectors.''

V. ANTIOXIDANT ENZYMES

A. Peroxide Metabolism

Antioxidant enzymes are among the endogenous systems that are available for the removal/
detoxification of reactive oxygen species and their products formed by the action of ionizing
radiation. These are catalase, superoxide dismutase, glutathione peroxidase, other related
enzymes involved in glutathione metabolism such as glutathione transferase and glutathione
reductase, and enzymes involved in glucose metabolism that maintain NADPH levels. The
interrelationship of hydrogen peroxide, catalase, and glutathione peroxidase with endogenous
and exogenous redox systems in irradiated cells has been reviewed previously.''® An inte-
grated scheme of the reactions of antioxidant enzymes is shown in Figure 7. The levels of
peroxides depend on the concerted action of these enzymes as well as the availability of
reduced glutathione (GSH), which is a substrate for glutathione peroxidase and glutathione
transferase. With transferase, GSH reacts with hydroperoxy fatty acids to form leukotrienes
which play a major role in inflammatory and immunologic responses.''’ The reactions
catalyzed by the antioxidant enzymes mentioned above are the following:

Catalase (EC 1.11.1.6)

2H,0, = 2H,0 + O, (22)
Superoxide dismutase (EC 1.15.1.1)

(Cu-Zn and Mn)

20," + 2H* = H,0, + O, 23
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FIGURE 7. Peroxide metabolism. G6PD = glucose-6-phosphate dehydrogenase; 6PGA
= 6-phosphogluconic acid; HMP = hexose monophosphate; and HK = hexokinase.

Glutathione peroxidase (EC 1.11.1.9)

Se-independent

ROOH + GSH — ROH + H,0 + GSSG (24)
Se-dependent
HOOH + GSH — HOH + H,0 + GSSG (25)

Glutathione transferase (EC 2.5.1.18)

ROOH + GSH — RO-H + H,0
| (26)
SG

The order in which antioxidant enzymes detoxify reactive oxygen species and their products
may depend on enzyme affinity for the respective substrates. Although the rate of H,0,
removal by catalase is high (~10° molecules/sec), at low concentrations of H,O,, glutathione
peroxidase detoxifies H,0, more readily.''® An important factor to be considered in the
concerted action of antioxidant enzymes is their subcellular {ocalization and their availabuity
at critical points of radiation damage, e.g., the content and relative distribution of these
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enzymes in cell nuclei is not well characterized. Enzyme activity during different stages of
the cell cycle may also influence cellular radiosensitivity. In human kidney T1 cells, catalase
and SOD activity increased markedly in G, phase, one of the stages in the cell cycle resistant
to radiation.''*

B. Catalase

On the time scale of radiation-induced events. H,0, is one of the first reactive oxygen
species that can be scavenged by an endogenous enzyme. Therefore, catalase activity can
be considered an early enzymatic defense mechanism involved in radiation protection. In a
review of early studies on catalase effects on radiation, Thomson'?® concluded that the role
of catalase on the effect of radiation in the mammalian organism was negligible. Addition
of catalase to a catalase-negative E. coli strain prevented postirradiation inactivation. Ex-
periments using the three catalase-positive E. coli strains showed no positive correlation
between catalase activity and radiation resistance.'*!

Catalase (5000 units) complexed to polyethylene glycol was found to provide a dose
reduction factor of 1.2 when given to female B6CBFl mice before irradiation, but no
protective effect was seen in male CS7BL/6 mice. '?? In vitro studies have shown that catalase
can protect macrophages'*' from radiation damage. The radiosensitization of Bacillus meg-
aterium spores by misonidazole was diminished by catalase.'’* We have observed that
catalase can inhibit radiation-induced lipid peroxidation in rat erythrocyte membranes in
vitro (Figure 1). There are conflicting reports on the effects of radiation on catalase in
mammalian tissues.'*® An increase in catalase activity in cultured cells was found after the
addition of selenium (Se), which may play a role in the inhibition of radiation-induced
mutagenesis by Se.'?* We found an increase in catalase activity in mouse bone marrow cells
24 hr after the administration of selenium or 1 hr after irradiation (Table 3).

C. Superoxide Dismutase

Superoxide is formed on irradiation by secondary reactions of free radicals (e.g.. see
Equations 8 and 13), and the endogenous level of superoxide dismutase may contribute to
cellular radiosensitivity. Studies, mostly done by Petkau, have demonstrated radioprotection
by SOD in model systems (DNA, bacteria, cells, cell membranes) and in rodents.™'-'**'%
The best reported DRF (1.56) was obtained when SOD was injected i.v. before and after
irradiation of mice,*' although in other studies little or no protective effect was observed,':1%
probably due to different modes of administration. The protective ability of SOD was also
suggested by (1) the inhibition of the enzyme in cultured cells by diethyldithiocarbamate'*!
and (2) the radioresistance of Drosophila larvae with a highly active SOD allele.'* Studies
with seven human cell lines did not indicate any correlation between radiation sensitivity
parameters and SOD content, with the exception of a comparatively radioresistant meso-
thelioma cell line with high MnSOD activity.'** A link between the SOD content of human
tumors and their radiosensitivity has been proposed,'*+*** but few clinical data support this
view. However, the exploration of the differences in SOD content of tumor cells (in general
a decrease in MnSOD) for cancer therapy is a valid concept for further study.'

We have found that mouse bone marrow SOD activity (expressed as total SOD activity
in units/mg protein) increased significantly (50%) within 1 hr after exposure to 10 Gy (1
Gy/min) *Co irradiation and remained almost at the same level even after 24 hr (Table 3).
A similar observation was made by other workers who showed a seven- to eightfold increase
in bone marrow SOD activity 3 days after irradiation (earliest time period studied) when
expresed on the basis of number of cells.'”” We have also observed increases in SOD in
other mouse tissue after irradiation (data not shown), indicating that there may be a general
inductive effect of irradiation on SOD similar to induction by agents such as paraquat."*
Radioprotectors like cystamine,'” DDC,* and WR-2721 inhibit SOD activity, although the
inhibition by WR-2721 was limited to the newly increased activity (Table 3).

e
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Table 3
ANTIOXIDANT ENZYMES IN BONE MARROW CELLS FROM MICE
TREATED WITH SELENIUM, WR-2721, AND IRRADIATED

Enzyme activity (uaits/mg protein)
Eazyme Coatrol Irradiated
Treatment 1br U I 4 br
Catalase
Saline 386 = 28 45 =18 4.1 =54 327 =16
Selenium 472 £ 40 36.7 =25 436 =38 300 = 1.6
WR-2721 335 =22 335 =220 338 = 20 26.6 = 0.6
Se + WR-272% 396 = 44 358 = 5.0 326 = 2.7 268 = 1.8
Superoxide dismutase
Saline 153 =15 149 = 2.2 22.8 = 09 202 = 40
Se 18.9 = 1.1 196 = 1.4 14.7 = 1.1 19.2 = 2.4
WR-2721 157 = L1 173 = 0.5 13.7 = 0.5 14.7 = 0.8
Se + WR-2721 14.0 = 0.7 142 = 0.7 142 = 04 143 = 0.4
Se-dependent giutathione peroxidase
Saline 141.0 = 6.0 1520 = 70 161.0 = 140 1550 = 140
Se 2040 * 140 1470 = 8.0 2090 = 200 158.0 = 9.3
WR-2721 141.0 = 80 156.0 = 2.0 1260 = 160 1520 = 78
Se + WR-2721 1620 = 120 1490 = 140 117.0 = 12.0 109.0 = 260
Total glutathione peroxidase
Saline 1900 = 11.2 1850 = 140 1980 = 120 2470 = 190
Se 264.0 = 13.8 2000 = 13.0 2340 = 140 274.0 = 150
WR-2721 2140 = 100 2270 = 11.0 1980 = 11.0 2290 = 140
Se + WR-2721 2350 =120 1890 = 100 2070 = 11.0 2130 = 40

Note: Physiological saline, selenium (1.6 mg/kg body weight), and WR-2721 (400 mg/kg body weight) were
administered i.p. at 24 or 0.5, 24, and 0.5 hr, respectively, before irradiation (10 Gy at | Gy/min). Bone
marrow was removed | and 24 hr after irradiation for enzyme assays on bone masrow cells. SOD and
glutathione peroxidase were assayed by published methods. '-'?” Catalase was assayed by the disappearance
of H,0, at 240 um at pH 7.0.

The activity of SOD in erythrocytes determined S hr after blood was drawn from persons
working in radiation hazard areas was found to be 11 to 27%, compared t0 63% in control
workers. '”* Both groups had almost the same activity immediately after the blood was drawn.
These studies suggest the decreased stability or increased turnover of the enzyme in people
exposed to radiation. However, Petkau'? has provided evidence for increased SOD activity
in leukocytes of atomic radiation workers with a trend toward higher levels as a function of
occupational dose.

Addition of SOD either before or 24 hr after irradiation inhibited neoplastic transformation
by X-rays.>* However, another study indicated that SOD promotes radiation-induced trans-
formation in cells.'*® Major differences between these two experiments include the use of
short-tesm primary cultures vs. an established cell line and the addition of different units of
SOD. SOD mimetics, such as the copper complexes of 3-mercapto-2-hydroxypropyl ether
of dextran'*' and of diisopropylsalicylic acid (Cu-DIPS),'* can also affect radiosensitivity.
These compounds have very low SOD-like activity, although they have mild radioprotective
activity which may be due to their ability to reach cellular locations of radiation injury.

D. Glutathione Peroxidase

Very little information is available on the role of glutathione peroxidase (GSH-Px) in
radiation sensitivity. GSH-Px can convent the hydroperoxides formed from lipids'® or DNA'*
as a result of the action of reactive oxygen species generated by radiation to a nontoxic
hydroxy product. It has been suggested that such a reduction of the hydroperoxide of nucleic
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FIGURE 8. Effect of radioproteciors and a radiosensitizer on mouse liver cytosol glutathione
peroxidase. (Data obtained from Reference 148 and unpublished data.) Glutathione peroxidase
was assayed using cumene hydroperoxide as substrate.'?’

acid is a prerequisite for repair.'** The stability of GSH-Px to peroxides'*® also enables the
enzyme to detoxify peroxides without becoming inactivated itself. The widespread presence
of the enzyme in the cytosol, in mitochondria, and plasma membranes makes it an efficient
tool to handle radiation-induced hydroperoxides at these locations of the cell. GSH-Px
detoxifies both H,0, and lipid hydroperoxide'?’ with reduced glutathione (GSH) as the second
substrate. The former reaction is catalyzed by selenium-dependent GSH-Px, which can also
use organic hydroperoxides as its substrate instead of H,0,. The residual enzyme activity
observed in Se deficiency is the non-Se-dependent GSH-Px, which was later shown to be
glutathione transferase.”® The activity obtained with cumene hydroperoxide and H,0, are
referred to as total GSH-Px and selenium-dependent GSH-Px, respectively.

Among the three antioxidant enzymes, only GSH-Px showed any relationship to radiation
sensitivity in seven human cell lines.'>® This was also suggested by Biaglow'? in his studies
with Chinese hamster cells. We have observed a 35% increase in the activity of the enzyme
in mouse bone marrow cells 24 hr after *°Co irradiation. However, the increase was limited
to the total GSH-Px (Table 3). This may be a phenomenon similar to the observed increase
in GSH-Px in mouse liver and intestine after lipid hydroperoxide administration. '’

Data from our laboratory indicate a relationship between the radiosensitizing and radi-
oprotective effects of drugs and their influence on GSH-Px activity. The radiosensitizer
misonidazole was found to inhibit total GSH-Px activity in liver hom.ogenate, cytosol (Figure
8), and microsomes shortly after injection into mice. The inhibition was more pronounced
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Table 4

GLUTATHIONE-PEROXIDASE (GSH-Px) ACTIVITY OF RADIOPROTECTORS*

Addition to GSH-Px assay system 340 nm/min
None. blank 0.013
0.0! Unit GSH-Px 0.055
Diethyldithiocarbamate, 1.00 mM 0.195
WR-106S. 1.0 mM 2-(3-Aminopropylamino)ethanethiol dihydrochloride 0.055
Dithiothreitol, 1.00 mM 0.033
2-Mercapioethane sulfonic acid, 1.00 mM 0.013
Cysteamine, {.0 mM 0.013
§-(2-aminoethyl)isothiouronium-Br-HBr, | .0 mM 0.013
N-(2-mercaptoproprionyl)glycine, 1.00 mM 0.013

From Kumar, K. S., Sancho. A. M., and Weiss. J. F., Int. J. Radiat. Oncol. Biol. Phys.. 12, 1463, 1386. Wnh
permission.

in microsomes. Se-dependent GSH-Px and glutathione transferase were also inhibited, but
10 a lesser extent than total GSH-Px.'** Treatment with the radioprotectors WR-2721, DDC,
and cysteamine (MEA) resulted in an increase in GSH-Px activity in mouse liver at 2 and
3 hr after administration (Figure 8). Se administered in the drinking water'*® or injected is
mildly radioprotective (Figure 3), and Se treatment increases GSH-Px activity. Vitamin E
is also mildly radioprotective and protects against the radiation-induced decline in mouse
liver cytosol GSH-Px.” These studies indicate that one of the possible modes of action of
sensitizers or protectors is by inhibiting or promoting GSH-Px activity, thereby affecting
peroxide levels in tissues.

In addition to SeGSH-Px, other types of small-molecular-weight, Se-containing com-
pounds (such as selenodiglutathione, selenocysteine, dimethylselenide, and other minor
forms of selenium) are also identified in rats injected with selenite.'**'% In fact, two thirds
of the Se in rats is in the form of selenocysteine-containing proteins,'* with no demonstrable
GSH-Px activity. The role of these selenocysteine-containing proteins (non-GSH-Px) in
radiation sensitivity is not clear.'s'-'*> It is known that synthetic selenium compounds, such
as selenomethionine, have radioprotective activity. It is possible that a part of the radiopro-
tective effect of Se injection is due to formation of low-molecular-weight Se compounds
similar to selenomethione. Studies with cultured cells indicate that Se treatment results in
increased catalase as well as GSH-Px activity. We have found marginal increases in catalase
and SOD activity in bone marrow cells, concurrent with larger increases in GSH-Px activity
24 hr after the administration of Se (as sodium selenite) in mice. The ‘‘new increased’’
levels of these enzymes in irradiated and/or Se-administered (24 hr prior) mice were coun-
teracted by the administration of WR-2721 1/2 hr before irradiation (Table 3). Despite this
effect, it is of interest that the radioprotection observed with WR-2721 alone is potentiated
by the administration of Se at 24 hr before irradiation (Figure 3). The lethal toxicity of WR-
2721 is also decreased by pretreatment with Se.

Some selenoorganic compounds may have potential as modulators of radiation sensitivity
since they have GSH-Px-like activity'**!3* and low toxicity. DDC also possesses GSH-Px-
like activity.* Among several sulfhydryl compounds known to possess some radioprotective
ability, DDC exhibited the greatest GSH-Px-like activity (Table 4). As noted previously,
DDC is a radioprotector although it inhibits SOD. DDC has been reported to sensitize tumor
tissue and protect normal tissue at radiation doses in the clinical range in the same animal.*’
These findings indicate the complex nature of the mechanism of action of DDC, but also
point out the potential for chemical modification when tumors and normal tissue have different
biochemical characteristics. Since MnSOD is usually low in tumors,'* further inhibition of
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Cu-Zn SOD by DDC could lead to sensitization, whereas normal tissue, in general, would
be protected. Other aspects of the cell milieu are also important in determining the activity
of DDC.™ Alterations in other enzymes that are important in the scheme of protection against
oxidative damage are also possible by drug and dietary treatment. Glutathione reductase
could be inhibited by BCNU (1,3-bis(2-chloroethyl)- [ -nitrosourea), '*¢ and glutathione trans-
ferase activity can be induced by a variety of antioxidants.'*”-'**

Research in the area of radiation sensitivity and antioxidant enzymes is far from the stage
of deriving any definitive conclusions about the role of these enzymes in radiation protection
and damage. Further investigations are needed in this important field.
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Inositol 1,4,5-trisphosphate concentrations increase after

adherence in the macrophage-like cell line J774.1 i S =
Vivian ZABRENETZKY and Elaine K. GALLIN® SR88-48
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Several properties of macrophages change when suspended cells become adherent. To determine the
intracellular signals involved in these changes, concentrations of the second messenger inositol 1.4,5-
trisphosphate [Ins(1,4,5)P,) were monitored during adherence of J774.1 cells, a macrophage-like cell line.
When cells grown in suspension were allowed to adhere to a glass surface, there was a transient increase in
InsP, that reached a peak between 100 and 120s after plating. Inositol mono- and bis-phosphate
concentrations were also elevated 100 and 120 s after plating. Analysis of isomer distribution showed
significant 3-fold increases in Ins(1.4,5)P, and inositol 1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)F,] at 100 s after
piating. These values were maintained at 120 s, with the additional appearance of a 4-fold increase in inositol
1,3.4-trisphosphatc. The adherence-induced generation of Ins(1.4,5)P, was decreased, and Ins(1,3,4,5)P,
formation was blocked, in Ca?®*-free medium. However, doubling intracellular [Ca®*) by addition of the
Ca?* ionophore ionomycin (1 uM) did not increase Ins(1,4,5)P, in suspended cells. Adherence of J774.1 cells

to fibronectin-coated glass also induced an increase in InsF,.

INTRODUCTION

The migration of macrophages to areas of chronic
inflammation and infection involves adherence to a
variety of surfaces. Studies in vitro have shown that the
process of adherence triggers a number of functional
changes in macrophages. These changes include an
increase in peroxidase staining in the rough endoplasmic
reticulum in rabbit blood monocytes 2 h after adherence
(Bodel et al., 1977), an increased expression of the
FMC 17 antigen in human monocytes 12 h after plating
of cells that were suspended for 16 h (Triglia et al., 1985),
and increases in the transport of lysine and adenosine
30 min after monolayer formation in rabbit lung macro-
phages (Pofit & Strauss, 1977). In the murine-derived
macrophage-like cell line J774.1, membrane-potential
measurements using a lipophilic radiolabelled cation
indicate that adherence is associated with a hyper-
polarization from —15mV to —80mV (Sung et al.,
1985). Patch-clamp studies in J774.1 cells have demon-
strated the differential exp-ession of two voltage-
dependent K* conductances with time after adherence
(Gallin & Sheehy, 1985). One of these conductances is
responsible for maintaining the —80 mV membrane
. potential in adherent cells (Gallin & Sheehy, 1985). In all
- of these studies, the nature of the signal(s) that mediates
the adherence-induced changes in macrophages is
unknown.

Signal transduction in many cells, including white
blood cells, occurs via receptor-mediated stimulation of
phospholipase C that cleaves the plasma-membrane
phospholipid phosphatidylinositol 4,5-bisphosphate.
Two products which possess second-messenger function
are formed: inositol 1,4,5-trisphosphate [Ins(1,4,5)P,),
which releases Ca®* from intracellular stores, and sn-1,2-
diacylglycerol, which activates protein kinase C (Berridge
& Irvine, 1984; Nishizuka, 1984; Downes & Michell,

1985). In macrophages, platelet-activating factor,
N-formylmethionyl-leucylphenylalanine (fMet-Leu-Phe)
(Downes & Michell, 1985; Whetton et al., 1986) and
bacterial lipopolysaccharide activate this pathway (Prpic
et al., 1987). The present paper addresses the question of
whether the process of adherence of J774.1 cells is
associated with the generation of the second messenger
Ins(1,4,5)P,.

MATERIALS AND METHODS

Culture of J774.1 cells

J774.1 cells were obtained from American Type
Culture Collection (Rockville, MD, U.S.A.) and were
stored at — 70 °C until needed. Cells were maintained in
tissue-culture medium containing RPMI 1640 supple-
mented with penicillin (10 units/ml), streptomycin
(10 ug/ml), 0.03 %, (w/v) glutamine and 10 %, (v/v) heat-
inactivated fetal bovine serum. Stock cultures were
maintained as a non-adherent population in spinner
flasks treated with Sigmacote. Cultures were kept at
37°Cin a 5 %-CO, incubator and fed every 2 days. Only
early-passage cells (< 20) were used in these studies. In
all cases freshly thawed cells were able to generate the
InsP, signal when measured at 100 s after plating.

Labelling of cells with myo-{2-*Hjinositol

Approx. 7 x 10° celis/ml in a final volume of 45 ml of
supplemented RPMI 1640 medium were incubated with
100 xCi of myo-[*H]inositol (13 Ci/mmol) for 18 h. Each
portion of [*HJinositol was purified by centrifugation
through Dowex AG 1-X8 resin before use. Longer
periods of labelling cells, from 20 to 42 h, did not yield a
substantially higher specific radioactivity of radioisotope
incorporation.

Abbreviations used: Ins(1.4,5)P,, inositol 1,4,5-trisphosphate; Ins(1.3.4)5,, inositol 1,3,4-trisphosphate; Ins(1.3,4,5)F,, inositol 1,3.4.5-tetra-
kisphosphate; InsP,, inositol 1-phosphate; InsP,, inositol 1,d-bisphosphate; Ca** , extracellular Ca**; Ca®,, intracellular Ca**.

* To whom reprint requests should be sent.
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Adherence protocol

Labelled cells were pellcted (850 g for 5 min) and then
resuspended in serum-free RPMI 1640 for 10 min at
room temperature. The cells were pelleted again and
resuspended in 15ml of NaCl Hanks (145 mm-NaCl,
4.6 mmM-KCl, 1.3 mm-MgCl,, 1.6 mm-CaCl, and 10 mwm-
Hepes. pH 7.3). This suspension was immediately pelleted
and the cells were resuspended in NaC) Hanks at approx.
14 x 10* cells/ml. After equilibration for 10 min, 1.5 ml
of cell suspension was applied to a 50 mm-diameter glass
dish and allowed to adhere for various times. At the end
of the adherence period. the non-adherent cells were
removed by flooding the surface with 5Sml of NaCl
Hanks and immediately aspirating the supernatant. The
reaction was stopped by addition of 4.5 ml of cold 4.5°,,
HCIO,/NaCl Hanks (2:1. v/v) to the glass dish. The
dishes were chilled and then scraped. Suspended cells
served as the control group: 3 ml of 4.5°, HCIO, was
added to 1.5 ml of the suspended cell sample. Portions
(100 #1) of suspended and adherent samples were set
aside for protein determination.

In prehminary experiments incubation with 10 mum-
LiCl for 10 min did not affect InsP, gencration. Therefore
LiCl was not used in subsequent studies.

Separation of [°Hlinosito]l metabolites

The HCIO, extracts from suspended and adherent
cells were chilled at 0 °C and then centrifuged to peliet
the acid-extractable material. Lipid-soluble material was
extracted from these pellets. The lipids from the acid-
extracted pellet were solubilized by addition of chloro-
form/methanol (1:1, v/v) (containing 1 M-KCl and
10 mM-inositol) and centrifuged (6000 g, 3 min). Portions
(100 z1) of the chloroform extract were evaporated before
radioactivity counting in 10 ml of Aquasol (New England
Nuclear) to determine d.p.m. in the lipid extract for the
normalization procedure (see below).

The supernatants were prepared for separation of the
[*H]inositol metabolites by adjusting the pH to 8.0 with
a solution of 0.5 M-KOH/9.0 mm-Na,(BO,),/1.9 mm-
EDTA (Burgess et al., 1985). This separation procedure
was compared with one using trichloroacetic acid
precipitation followed by diethyl ether extraction (Ber-
ridge et al., 1983), and similar recoveries were obtained.
The samples were stored at —20 °C. After thawing, the
KCIO, salts had precipitated and were pelleted (850 g,
5 min). The supernatant was applied to 1 ml of a 509,
(w/v) suspension of Dowex AG 1-X8 resin (formate
form; 100-200 mesh). The [*Hl]inositol phosphates were
eluted by the method of Berridge er al. (1983). Inositol,
glycerophosphoinositol, inositol 1-phosphate (InsP),
inositol 1,4-bisphosphate (InsP,) and inositol tris-
phosphates (InsP,) were sequentially eluted with water
(24 ml), 5 mM-disodium tetraborate/60 mM-sodium for-
mate (24 ml), 100 mm-formic acid/200 mM-ammonium
formate (36 mi), 100 mm-formic acid/400 mM-ammon-
fum formate (24 ml), and 100 mm-formic acid/1.0 m-
ammonium formate (38 ml). Each eluate was collected
in at least two fractions, and | ml of each fraction
was counted for radioactivity in 10 ml of Aquasol.
myo-{*H]Inositol, [“Clinositol 1-phosphate and [*H]-
Ins(1,4,5)F, were run as standards with and without the
water extract from unlabelled cells to verify the elution
sequence. There was a 969, recovery of standards.
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Protein determination

Protein was determined in the acid extracts of
suspended and adherent cells. Portions (100 «l) from
each sample were frozen and thawed. and the acid-
extracted protein was then pelleted (6000 g, 3 min).
NaOH (50 #l: 1 M) was added to dissolve the protein,
and 10 x4l samples were used in the Bradford micro-assay
{Bio-Rad. Richmond. CA, U.S.A.).

Normalization procedure

The adherent cell population represented only a
fraction of the suspended cell population at each of the
time points surveyed. Therefore, to determine if concen-
trations of inositol phosphates changed after adherence,
it was necessary to normalize the adherent-cell data (o
the suspended-cell data. Because it was not clear which
normalization procedure was best, data were normalized
in two different ways: normalizing to cell protein and
normalizing to d.p.m. in the lipid-soluble extract.

Normalized InsP, was calculated by the following
equation: [(/, x N)/1] x 100 = adherent InsP, (expressed
as °, of suspended cells), where L,/L, = N (normal-
ization factor), L, = d.p.m. in the suspended-cell lipid-
soluble extract, L, = d.p.m. in the adherent-cell lipid-
soluble extract, /, = d.p.m. in the suspended-cell InsP,
fraction, and I, =d.p.m. in the adherent-cell InsP,
fraction. For normalization to protein, the term ‘lipid-
soluble extract’ can be replaced by *cell protein” in these
expressions.

Separation of InsP, isomers by h.p.l.c.

The InsP, fractions from the Dowex columns were
acidified and salt-extracted by passing them over Dowex
50 resin (H* form); they were frozen, freeze-dried, and
stored at — 70 °C until further analysis. The freeze-dried
[*H]InsP, fractions were solabilized in 2 ml of water and
filtered through 0.22 um-pore-size filter before manual
injection on to a Whatman Partisil 10 SAX column
(H,PO," form) and chromatographed in accordance with
modifications of the procedure of Batty er al. (1985). The
sample was eluted at 1.2 ml/min by a non-linear gradient,
consisting first of water for 4.9 min, followed by a
linear gradient of 0.8 M-ammonium formate (adjusted
to pH 3.7 with H,PO,) to 1.7 M-ammonium formate
(adjusted to pH 3.7 with H;PO,) at 5-30 min. The 1.7 M-
ammonium formate buffer (100°,) was run for a further
5 min, and then the gradient was returned linearly to
water over 5min. Throughout, | min fractions were
collected, and 0.5 ml of each fraction was counted for
radioactivity in 1.0 ml of water and 10 ml of Aquasol.
Standard retention times were determined by running a
mixture of 0.025 4Ci of p-[4,5-**P]Ins(1,4,5)P,, 0.025 x#Ci
of D-[inositol }-2-*H(n)]inositol 1,3,4,5-tetrakisphosphate-
{[*H]Ins(1,3,4,5)P,} and 150 xM-ATP in water and moni-
toring each fraction for both radioactivity and ATP (by
the A,,;). Another run, consisting of the 3H-labelled
cell fraction eluted from the Dowex column with 1.0 M-
ammonium formate (InsP, fraction) mixed with
0.025 xCi of [*P]Ins(1.4,5)P, fraction, was done. This
run gave the same retention time for Ins(l,4,5)P, as the
standard run. Approx. 96% of each standard was
recovered in both standard runs, and approx. 90°,
of each cell-derived sample was recovered in the
experimental runs,
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Statistical analysis

The significance of the differences between means was
assessed by Student’s two-tailed ¢ test tor paired samples.

Materials

myo-[2-*H(n)}Inositol, D-linositol-2-*H(n)]Ins(1.4.5)F,.
n-[4.5-**P)Ins(1.4.5P, and  D-[inositel-2-*H(n)]Ins-
(1.3.4.5)P, were obtained from New England Nuclear
(Boston. MA, US.A). vL-myo-[U-"*C]Inositol-1-
phosphate was purchased from Amersham (Arlington
Heights, IL. U.S.A.). Ammonium formate and sodium
formate were obtained from Sigma (St. Louis, MO,
U.S.A.). Whatman Partisil 10 SAX columns were
obtained from American Scientific Products (Columbia,
MD. U.S.A.). AG 1-X8 resin (formate form) and Dowex
50 W-X8 resin were obtained from Bio-Rad.

RFSULTS

Time-dependence of adherence

Fig. 1(a) shows data from three different experiments
in which the adherent-cell protein was measured at
various times after plating on a glass surface. There was
a time-dependent increase in adherence, with approx.
40", of all cells adhering 100 s after plating, and 50°, of
the cells adhering 160 s after plating. Experiments carried
out for longer time periods (190 and 310 s) did not result
in a significant increase in the number of adherent cells,
indicating that by 160 s cell adherence had plateaued. A
visual examination of the dishes indicated that the cells
were approaching confluence. A study was performed to
determine whether the cells that did not adhere after the
first plating were able to adhere if plated a second time.
Non-adherent cells from a dish plated for 300 s were
harvested and replated for another 300 s; 83°, of these
cells adhered during the second plating, indicating that
approx. 90°, of the total population of J774.1 cells was
adherent. Results (not shown) from one batch of J774.1
cells (probably plated at a lower density) showed 90°,
adherence 160 s after the first plating. These cells did not
differ in their ability to generate InsP, after adherence.

InsP, generation as a consequence of adherence

Fig. 1(h) shows the time-dependent increase in InsP,
produced after adherence in J774.1 cells. The [*H]inositol
phosphate content of adherent cells was normalized to
the radioactivity (d.p.m.) in the lipid extracts of
suspended cells and was expressed as a percentage of the
[*Hlinositol content of the suspended cells. A peak value
of approx. 145°, of control was reached at 100 s after

1039
15
] (a)
22
fiar
LR
c £
S
- &l
S
£ 1 ] ] ]
0 50 100 150 200
Time (s)
;5160 — (b)
>
§§ 140
[~
83
- B
% 8120
£3
;:; 2)
® 100 1 4—
< 300

Time (s)

Fig. 1. (a) Percentage of cell protein adhering to glass, and (5)
time course of adherence-induced InsP, generation

(a) Cells were allowed to adhere for the indicated times,
and the adherent protein was measured. Each time point
represents the mean + 5.E.M. for three experiments (done in
duplicate), from different passages of J774.1 cells. The
data are presented as percentages of total protein for
suspended cells. (b) Ins?, content was analysed by Dowex
chromatography of cells plated for the indicated times.
Data, normalized to lipid, are expressed as percentages
of suspended-cell values. Each point represents the
mean+S.EM.: *P < 0.001, **P < 0.05.

plating and remained significantly elevated at 120s.
InsP, contents decreased to control values by 190 s and
remained at 100°, of control until 310 s. Though the
number of cells adhering between 100 and 160s was
increasing (from ~ 40°, to ~ 50°,), the observed
InsP, signal had reached a peak and was decreasing. If
the process of adherence simply selected cells with higher
basal contents of InsP,, a time-dependent increase fol-
lowed by a decrease in InsP, would not have been
expected. Therefore these data indicate that adherence
can generate an InsP, signal in J774.1 cells.

Table 1. Time course of formation of inositol phosphates

Data (means + 5.E.M.), expressed as percentages of suspended-cell inositol phosphate contents, were normalized either to d.p.m.
in the lipid-soluble extract of suspended cells or to suspended cell protein: "P < 0.001. "P < 0.01, “P < 0.02, "P < 0.05.

No. -

Time of Insh,
adherence of s .
(s) expts. Lipid Protein
100 8 170+ 11" 1894 12
120 3 133 +6.5¢ 150+ 7
190 3 97+16 106+5.2

InsP,

InsP,

Lipid Protein Lipid Protein
113+£3.2" 12243.5 145+8.1° 160+ 14"
126 +6.9" 153+9.2¢ 140+ 6.4 1801 14

93+ 16 118+9.8 101+£20 115+12
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Comparison of normalization procedures

Table | compares data from the same studies that were
normalized to either protein or lipid. The average value
of InsP, at 100 s after plating was slightly higher when
normalized to protein than when normalized to lipid. At
120 s the InsP, signal was still significantly elevated when
either normalization procedure was used. At 190 s after
plating., both normalization procedures indicated that
the InsP, signal had returned to control.

There were also adherence-associated changes in the
contents of InsP, and InsFP,, when either normalization
procedure was used (Table 1). At 100s there was a
significant increase in InsP, and a smaller but significant
increase in InsP,. At 120s InsP, and InsP, were still
significantly increased. By 190 s InsP,, InsP, and InsP,
had returned to basal values. These data show that
normalizing to lipid or protein gave equivalent results;
therefore data presented below have been normalized to
d.p.m. in the lipid-soluble fraction.

Distribution of InsF, isomers

At 100 and 1205 after plating, InsP, contents were
clevated to ~ 145°, of control. To identify the isomers
that were increased at these times, the InsP, fractions
were separated into their component isomers by h.p.l.c.
In five separate studies, at 100s after plating the
Ins(1.4.5)P, and Ins(1,3.4,5)F, contents were 3.11+0.22
(P < 0.01) and 3.1410.35 (P < 0.01) times suspended-
cell values respectively. A representative experiment is
shown in Fig. 2(a). An additional peak was eluted at a
later retention time than Ins(1,3,4,5)P, (which was eluted
at 32 min), suggesting that another inositol phosphate,
possibly Ins(1,3,4,5,6)P,, was present (Stephens et al.,
1988). Further studies will have to be done to determine
its identity.

At 120 s after plating (Fig. 2b) the increases in both
Ins(1,4,5)P, and Ins(1,3,4,5) P, were sustained. In addition,
there was a 4-fold increase in Ins(1,3,4)P,, which is
consistent with other studies indicating that Ins(1,3,4)P,
is a metabolic product of the action of 5'-phosphomono-
esterase on Ins(1,3,4,5) P, (Hawkins et al., 1986). The
contro! (suspended-cell) inositol phosphate profiles were
somewhat variable, as depicted by the difference between
the control runs in Figs. 2(a) and 2(b).

Role of Ca?* in the generation of the InsP, signal

In other cells the stimulation of InsP, production
sometimes requires extracellular Ca?* (Ca®** ) (Lew et al.,
1986; Beaven et al., 1984). In order to examine the role
of Ca**_ in adherence-induced InsP, formation, cells that
had equilibrated for 5 min in Ca?®*-free Hanks medium
containing 1 mM-EGTA were compared with cells from
the same batch plated in Ca®**-containing media. The
percentage of cells adhering in Ca**-free medium + | mm-
EGTA at 100s after plating was equivalent to the
percentage of cells adhering in normal Hanks medium
(Fig. 3a). In contrast, the increase in InsP,, InsP, and
InsP, was inhibited by 77 %, 60°, and 58 %, respectively
(Table 2). In these studies the cells were incubated for
5 min in Ca?'-frce media; therefore it was possible that
intracellular Ca** concentration ([Ca**},) was lowered at
the time of adherence, and the decrease in the contents of
the inositol phosphates was due to this decrease rather
than to the removal of Ca** . To obviate this possibility.
experiments were performed in which a bolus of 5§ mM-
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Fig. 2. H.p.l.c. profiles of InsP, fractions from Dowex columns

(a) Fractions from adherent cells 100 s after plating (@)
and from suspended cells ([J). Data are from a single
experiment, with each point derived from duplicates.
Adherent-cell data were normalized to the d.p.m. in the
lipid-soluble fraction. The means +s.E.M. for Ins(1,4,5)F,
and Ins(1,3,4,5)P, peaks for the suspended cells in five
experiments were 53+27 and 45+ 23 d.p.m. respectively.
(b) Fractions from adherent cells 120 s after plating (@)
and from suspended celis ({J). Derivation of data is as
presented in Fig. 2(a). The mean values for Ins(1.4,5)F,,
Ins(1,3,4)P, and Ins(1,3,4,5)P, peaks for the suspended
cells in two experiments werc 20, 15 and 13d.p.m.
respectively.

EGTA was added to cells in normal Hanks medium
(containing 1.6 mM-CaCl,) immediately before plating.
The generation of InsP, in these cells was compared with
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Fig. 3. Fffect of Cat*-free media on (a) time cowrse adherence
and (B) h.p.l.c. profile of InsP, fraction

Each point represents the mean +s.E.M. for three experi-
ments, each done in duplicate. The data are expressed as
percentages of suspended-cell protein in either normal
Hanks medium (@) or Ca**-free Hanks medium+ 1 mm-
EGTA (0O) as appropriate. (5) H.p.lc. profile of InsP,
fraction from cells plated for 100 s in Ca**-free medium +
1 mM-EGTA (@) and from cells suspended in Ca**-free
medium + 1 mM-EGTA ([J). Data are from a represen-
tative experiment, with each point derived from dupli-
cates. The adherent-cell data were normalized to the
d.p.m. in the lipid-soluble fraction. The means +s.e.M. for
the Ins(1,4,5)F, and Ins(1,3,4,5)P, peaks for suspended
cells from three separate studies were 52+12 and
62+ 19 d.p.m. respectively.

that in cells plated in Ca%*-containing media. These
conditions (results not shown) also inhibited adherence-
induced InsP, formation at 100s, suggesting that
generation of the signal requires Ca?*,.

Analysis of the isomer distribution of the InsP,
fraction was examined for cells suspended in Ca**-free
medium + 1| mM-EGTA for 5 min before adherence (two
experiments), and for cells in which a bolus of 5 mm-
EGTA was added to Ca'*-containing medium ‘im-
mediately before plating (one experiment). All three
experiments showed that there was no change in the
Ins(1,3,4,5)P, peak. Summing fractions 19-21, the
Ins(1,4,5)P, fraction, showed an average increase of
424319%, compared with an average increase of
2514919, observed in the presence of Ca**. Fig. 3(b)
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Table 2. Distribution of inositol phosphates st 100s after
plating :

Cells were plated in normal Hanks (+Ca,) or Ca**-free
Hanks + | mM-EGTA (—Ca,). The data (means +5.E.M. of
three experiments in duplicate), expressed as percentages
of total suspended-cell inositol phosphate content, were
normalized to d.p.m. in the lipid-soluble extract of
suspended cells. *P < 0.05.

InsP, InsP, InsP,
+Ca, 200+20*  137.5+34 162+7"
—Ca, 135+20 115426 113+15
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Fig. 4. Effect of fibronectin-coated glass on (a) time course of
adherence and (5) amounts of inositol phosphates

(a) The data, presented as percentages of suspended-cell
protein, represent means + S.E.M. of three separate experi-
ments done in duplicate. Protein corresponding to fibro-
nectin was subtracted from the total protein to determine
cell protein. () Distribution of inositol phosphates 120 s
after adherence to fibronectin. Data, presented as per-
centages of suspended-cell values, normalized to d.p.m. in
lipid-soluble fraction, represent means+S.EM. of three
experiments done in duplicate: *P < 0.05.

Inositol phosphates

(% of suspended-cell value)
S
¥

shows one of these studies. Suspended cells in Ca**-free
medium had Ins(1,4,5)F; or Ins(1,3,4,5)F, contents that
did not differ from values obtained for suspended cells in
Ca**-containing medium. These data show that the
generation of InsP, and its isomers during adherence is
inhibited in Ca**-free media.

Since the preceding studies demonstrated that Ca?*, is
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required for the generation of the InsP, signal. experi-
ments were done to determine whether raising [Ca®’],
with the Ca*" ionophore ionomycin could induce
formation of InsP, in suspended cells. Studies in these
cells using the Ca** indicator fura-2 indicated that
ionomycin (1 M), in the presence of 1.6 mm-Ca®’
doubled [Ca?*), within 30 s after its addition and that this
increase was maintained for the 2 min assay period
(results not shown). However, incubation in 1 uM-
ionomycin for 30s, 1 min or 3 min did not affect the
contents of InsP,. InsP, or InsP, in suspended cells,
indicating that doubling [Ca**}, is not a sufficient stimulus
to increase InsP,.

Adherence to fibronection-coated surfaces and InsP,
generation

J774.1 cells were placed on fibronectin-coated dishes
to determine whether adherence to other surfaces resulted
in similar increases in InsP,. As shown in Fig. 4(a), there
was a slight decrease (10°,) in the number of cells
adhering to fibronectin-coated dishes compared with
adherence to glass. We chose the 120 s time point to
measure Ins /P, contents, since more cells were adherent at
this time than at 100 s. Fig. 4(b) shows that InsP, was
significantly increased above control, which is similar to
the results obtained after adherence to glass. However,
InsP, and InsP, were not significantly elevated.

DISCUSSION

This report demonstrates that there is a transient
increase in the second messenger Ins(1,4.5)P, in J774.1
cells 100-120 s after adherence to glass and that this
increase is dependent on Ca®*,. An increase in InsP, was
also noted 120s after adherence to fibronectin-coated
glass.

In these studies adherence was not synchronized, since
cells settle at different rates. The peak of an adherence-
induced transient signal (measured in a population of
cell) will be diminished by differences in adherence
times. Plating the cells in a volume sufficient just to cover
the surface of the dish minimized this problem. Despite
an unavoidable (but small) variation in adherence times.
the total InsP, values 100 s after plating were significantly
higher than suspended-cell values. and the isomers
Ins(1,4.5)P, and Ins(1,3,4,5)P, were increased 3-fold
above values for suspended cells.

The increases in InsP, contents described in this paper
could result from the selection of a subpopulation of
adherent cells that have endogenously higher contents
of InsP,. Three findings argue strongly against this
possibility. First, whereas only 50°, of the J774.1 cells
plated adhered to the glass surfaces (presumably because
of physical constraints caused by the high cell density),
~ 90°, of the cells were capable of adhering. Second,
there is a time-dependence for the increase in InsP,, with
the contents returning to suspended-cell values 3 min
after plating. Third, the InsP, signal was decreased in
cells plated in Ca**-free medium, even though there was
no decrease in the percentage of cells adhering or any
change in the time course of adherence.

The generation of the InsPF, signal has been shown to
be dependent on [Ca?'], in some studies on different
cells. For example, the peak and rate of rise of the
substance-P-induced InsP, and InsP, signals in parotid
cells is dependent on [Ca?*], (Merritt & Rink, 1987), and
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Beaven et al. (1984) have shown that antigen-stimulated
production of inositol phosphates is dependent on
[Ca?**),. with a concentration-dependence similar to that
of histamine release. Pribluda & Metzger (1987) have
shown that antigen-stimulated production of inositol
phosphates is decreased to 25°, of control in the 2H3-
HR" subline of rat basophilic leukaemia cells in Ca*-
free media. These reports are consistent with our data
that demonstrate a decrease in InsP, (77°,), InsP,
(58°,). and InsP, (60°,) in cells plated in Ca® -free
media compared with cells in Ca?'-containing media.
Isomer determination of the InsP, fraction revealed an
inhibition of Ins(1.4.5)P, and Ins(1.3.4.5)P, production
in Ca®**-free media. These findings indicate that Ca**-free
medium may inhibit phospholipase C. which is consistent
with previous reports of a Ca** requirement for the
activity of purified phospholipase C (Ryu ¢r al.. 1987).
Since the adhesion process is not impaired by the
removal of extracellular Ca?*, the data suggest that the
production of inositol phosphates is not required for
adherence. but plays a role in the functional changes that
follow adherence. Attenuation of the inositol phosphate
signal consequent to adherence in Ca*’-free media may
effect these changes.

Lew et al. (1986) have reported that dimethyl
sulphoxide-differentiated HL-60 cells (neutrophil-like
cells) respond to fMet-Leu-Phe with an increase in
Ins(1.4,5)P, that is followed by a slower and more
sustained increase in Ins(1.3.4)P,. Increasing [Ca*’], to
micromolar with ionomycin enhanced the contents of
inositol phosphates and the Ins(1,3,4)P, isomer in the
absence of f Met-Leu-Phe. These findings are in contrast
with our data indicating a lack of effect of a 30 s, | min
or 3 min incubation with ionomycin on Ins/F, contents in
suspended J774.1 cells. The reason for this difference is
not clear. Our measurements of [Ca®'}, after ionomycin
treatment indicated that [Ca?*], doubled. It is possible
that greater increases in [Ca?*), are necessary to generate
inositol phosphates. or, converselv, that changes in
[Ca?®*]), in the absence of other changes have no effect
on the generation of inositol phosphates in J774.1 cells.

In HL-60 cells Ins(1.3,4) P, generation was not directly
linked to receptor activation, but resulted from an
increased [Ca?'), and Ins(1.4,5)P, (Lew et al., 1986). A
comparison of the h.p.lc. data in the present paper
obtained 100 s after plating (Fig. 2a) and 120 s after
plating (Fig. 2b) indicates that Ins(1,3.4) P, increases after
the increase in Ins(1,4.,5)P,, which is similar to the
sequence found in HL-60 cells.

It will be of interest, in future studies, to determine
whether [Ca?*],in J774.1 cells is increased after adherence,
and whether this is related to the increases in Ins-
(1,4,5)P, described in this paper. A paper by Kruskal &
Maxfield (1987) demonstrated that adherence of mouse
thioglycollate-induced peritoneal macrophages to either
opsonized or unopsonized tissue-culture plates induces
transient increases in (Ca®*],. In a large percentage of the
cells studied, [Ca®'], oscillated after adherence. In
addition to changes in [Ca®*'], the adherence and
spreading of macrophages are associated with a re-
distribution of actin (Amato et al., 1983). Interestingly,
Janmey et al. (1987) have shown that gelsolin, the Ca*-
activated actin-binding protein, binds to phospha-
tidylinositol bisphosphate. This binding inhibits the
filament-severing activity of gelsolin and dissociates
gelsolin-actin complexes. The changes in actin that occur
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after adherence may be mediated by both a rise in
[Ca*'), and hydrolysis of phosphatidylinositol bis-
phosphate, resulting in a subsequent increase in InsP,.

Adherence may be acting via a non-receptor-mediated
pathway to generate Ins(1.4.5)P,. Conversely, the mem-
brane perturbations occurring during adherence may
cause the rearrangement and thereby the activation of
receptors linked to phospholipase C. or adherence may
be acting to induce the activation of phospholipase A,.
In macrophages the generation of arachidonic acid
through activation of phospholipase A, requires Ca*"
(Wightman et al.. 1981). an thromboxane. an arachi-
donic acid metabolite, has been shown to generate
Ins(1.4.5) P, via receptor-mediated activation of phospho-
lipase C (Rittenhouse, 1985).

The relationship of the adherence-induced changes in
inositol metabolism to macrophage function is unknown.
A variety of changes occur in macrophages after
adherence. Rabbit and human blood monocytes with no
cytochemically observable peroxidase activity in rough
endoplasmic reticulum will develop such activity within
2 h post-adherence (Bodel et al.. 1977). Adherent rabbit
lung macrophages transport lysine and adenosine at
faster rates than do suspended cells (Pofit & Strauss,
1977). Human blood monocytes lose FMC-17-antigen
expression after 4 h in suspension and regain expression
after adherence (Triglia er al.. 1985). In J774.1 macro-
phages. both the resting membrane potential (Sung et al.,
1985) and the K* conductances (Gallin & Sheehy, 1985)
change after adherence. Future studies are needed to
determine if the adherence-induced alterations in
secretory capacity, antigen expression, enzyme appear-
ance, nutrient uptake and membrane electrophysiology
that have been described in macrophages are mediated
by an increase in InsP, contents.
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Abstract — In 1983 a programme of ncutron dosimetry validation v.as undertaken at the TRIGA Mark F nuclear reactor
at the Armed Forces Radiobiology Rescarch Institute (AFRRI1). Since the International Neutron Dosimetry
Intercomparison (IND1) of 1973, the development of neutron dosimetry protocols in both the USA and Europe as well as
improved knowledge of the physical factors (W. K) involved in ncutron dosimetry necessitated a re-cvaluation of carlier
techniques. The purpose of the present programme was to validate the accuracy of AFRRI ionisation chamber ncutron
dosimetry by intercomparison  with independently calibrated neutron measurement techniques. Two reference
configurations of the AFRRI TRIGA nuclear reactor have been used for the intercomparisons, namely unshicided and
shiclded by a 15 cm lcad shicld. Calculated ncutron and gamma ray encrgy spectra were available for these reference
ficlds. Neutron dosimetry techniques used in the intercomparisons include (1) paired ionisation chambers. consisting of
tissuc-equivalent (TE) ionisation chambers with cither a magnesium or graphite ionisation chamber or a GM counter. (2)
activation foils. (3) fission chambers, (4) a calorimeter. and (5) tissuc-equivalent proportional counter (TEPC). The
results of this ongoing programme at the AFRRI TRIGA reactor support the general conclusion that fission ncutron
spectrum Kkerma values determined by the separate independent techniques agree within the uncerta aties of the
experimental measurements.

INTRODUCTION

There exists no national standard instrument or
radiation ficld for calibration of absorbed dose of
neutron radiations used in radiobiology or
radiotherapy. Standardisation is largely achicved
by:

(i) Adherence to specific protocols. such as those of
the American Association of Physicists in Medicine
(AAPM)"  or European Clinical Neutron
Dosimetry Group (ECNEU)'™ for neutron beam
dosimetry.

(i) Intercomparisons  between  different  centres
using similar mcasurement  techniques. notably
International Neutron Dosimetry Intercomparison
(INDD™  and  Europcan Nceutron Dosimetry
Intercomparison Project (ENDIPY,

(iii) Intercomparisons  between  fundamentally
different dosemeters'™. e.g. ionisation chambers,
calorimeters, activation foils, and proportional
counters.

The objective of the present work is 10 measure
accurately tissue kerma due to neutrons in the mixed
neutron gamma ray radiation ficlds used for
radiobiology research  at the Armed Forces
Radiobiology Research Institute (AFRRI) TRIGA
reactor. Specifically. the aim is to validate the
accuracy of ncutron dosimetry by intercomparing
results from fundamentally different detection
technologics which have independent calibrations.

lonisation chamber measurements of absorbed
doses of neutron radiation are limited in absolute
accuracy to * 5-10% due to uncertainties in the
physical constants used to calculate dose from the
measurcd ionisation. Calorimetry is similarly limited
to an overall accuracy of the order of £ 3%.
Neutron activation provides information only on the
neutron portion of total dose. with accuracy
dependent on knowledge of the neutron energy
spectrum, kerma factors and cross sections.

An carlier intercomparison of ionisation chamber
measurcments with activation techniques at AFRRI
was reported by Eiscnhauer et al'®. This paper
describes the present status of the intercomparison
programme, including results from a tissuc-
cquivalent (TE) calorimeter and a TE proportional
counter.

RADIATION FIELDS

The reactor is a General Atomics TRIGA Mark F
water-pool type thermal research reactor, capable of
pulscd or steady state operation at various locations
within its pool. A semicylindrical portion of the
reactor pool projects into the exposure room
(Figure 1), which is lined with a gadolinium-
cadmium shield to minimise scattered thermal
neutron fluence. A lead shield can be rolled into
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place in front of the reactor core (Figure 1) to
increase  the  neutron  to gamma  ratio  for
radiobiology rescarch. The dosimetry me asurement
point was 70 cm from the centre of the reactor tank
wall. and 120 ¢m above the wood floor (centre
height of the reactor core). Measurements are
reported for both the unshiclded and 15 ¢cm Pb
shiclded configurations,

STATUS OF THE INTERCOMPARISON
PROGRAMME

lonisation chambers

The paired ionisation chamber method is the
primary technique used at AFRRI for ncutron
dosimetry'”. We use Exradin 0.8 ¢cm' chambers, an

1]

1a)
Centre of

Tank Wal \‘lhe Core

o

)
lonsation Chambars

Figure 1. Diagram of the experimental arrangement at the
AFRRI TRIGA rcactor. All lengths arc in cm. (a) With
the reactor core brought into place in the pool behind the
semicyvlindrical projection. only a4 ~2.5 cm thick water
layer and the 0.64 ¢m thick wluminium tank wall separate
the edge of the 3 em radius core from the air in the
cxposure room. In this bare unshiclded array. gamma rays
comprise 67"« of the total (fission ncutron plus gamma
ray ) tissue kermie in free-air at the measurement point. (b)
The 15 em Ph shicld travels laterally on a track for
reproducible alignment directly in front of the core. and
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A-150 plastic chamber with TE gas and an Mg
chamber with Ar (Table 1). AFRRI and NBS staff
have complcted concurrent  absorbed  dose
measurcments  with jonisation chambers at  the
AFRRI TRIGA rcactor'™, with excellent overall
agreement (1-2%) between the two groups. To
ensure the constancy of neutron dosimetry results, a
3¢ irradiator has been built for periodic neutron
sensitivity checks of the ionisation chambers. in
addition to “'Co calibration of the chambens,

‘I ransport calculations

Neutron and gamma ray encrgy spectra (Figure 2)
and fluences were caleulated for AFRRI for selected
geometries by two independent investigators '™,
Necutron cnergy spectra calculated by the two
independent investigators showed good agreement
in spectral shape. especially in the high cnergy
region of the spectra. The caleulations are utilised as
a priori energy spectra to estimate the response of
energy dependent detectors, such as activation foils,
and to calculate other  spectrum  dependent
guantitics. such as lincal cnergy spectra,  for
comparison with measurements.

Activation and fission foils

Fission and non-fission foils have been irradiated
in the bare and 15 cm Pb shiclded reactor ficlds.
Initial ncutron kerma rates were derived from the
detector measurements using the @ priori neutron
encergy spectra (Table 2). Coarse group adjustments
to the a priori spectra were performed by minimising
disagrcements  between observed and  predicted
reaction rates. The adjusted spectra were used to
form final cstimatces of the ncutron kerma from the
foil responses ',

the borated wood is positioned 1o reduce  scattered 0.7 MR IR ]
radiation. In this 15 ¢m Ph shiclded array, gamma rays -~ Bare
comprise 9. of the total kerma in free-air at the 0.6} 15cmpo -
measurement point.
! 05 J
Table 1. Physical constants for ionisation chamber s oel
measurements. .
.. < 03
Reactor Ficld Bare 1Scm Ph g }’
Tissue kerma weighted mean $ o2}
ncutron cnergy (McV) 263 1.67
L 1) "”2 l‘m E °‘ 9
Kic it mutel 10 'Gy.cm’) 2.06 1.73 o
Kol 10 P Gy.om’) 2.12 1.76 .
K 1p gl 100 " Gy.cm’) 2.10 1.75 0 0
' 0939 0.922
ku(Mg-Ar) 0.0 0.0 L Neutron Energy (MeV)
hy. hy. Frpe 1.0 1 Figure 2. Cakulated ncutron cncrgy Jpectra A the
dosimetry measurement point'™'™,
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NEUTRON DOSIMETRY AT AFRRI
Table 2. Dosimetry results in the bare and §5 cm Pb shielded reactor fields.

Kerma (mGy kW ' 1)

Neutron Total
Bare
Activation/Fission: a priori 1.74
Adjusied 188001 -

lonisation chambery 205000 6.1620.3]
TE calorimeter - 6032018
TE proportional counter - -
1Sem P
Activation/Fission: a priori 098

Adjusted 1.07£0.08 -
lonisation chamber 1.1940.06 1.31£0.07
TE calorimeter - 1.32+0.04
TE: propontional counter 1.0620.16 -

Muisurement uncertaintics are the estimated standard deviations.

Calorimetry

Inercomparison of TE calorimeter and paired
ionisation chambers has been completed in steady
state and in single pulse (10 my FWHM) reactor
ficlds. Total neutron plus gamma ray  dose
agreement was within £ 5% for both steady state
(Table 2) and for pulse (data not  shown)
irradiations. Duc to technical challenges in making
the calorimeter measurements. we do rot plan to
use this instrument in routine reactor dosimetry.

Tissue-equivalent proportional counters

Data have been obtained from TEPC
measurcments in the 15 cm Pb shielded reactor. The
ncutron kerma rate measured by a TEPC agrees
with other methods (Table 2). Comparison of the
shapes of measured and calculated''" y-spectra show
good agreecment above 15 keV.um'' (Figure 3).
Above 15 keV.um ', y-spectra measured at midline
15 and I8 cm diameter phantoms were identical in
shape to the spectrum in air (Figure 4). Below 1S
keV.um', the measured  y-spectra show  the
expected increase in the gamma ray fraction of dose
with increasing phantom size (Figure 4).

CONCLUSIONS

Intercomparison of ncutron dosimetry results
from scparate independent measurement techniques
can provide confirmation of the accuracy of
measured doses. Mcasurcments of total dose by
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Figurc 3. Mcasurcd and calculated y-spectra for the 15 cm
Pb radiation ficld in free air. The calculated spectrum was
normalised to measurements at the peak.
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ionisation chambers and by a calorimeter agreed  Figure 4. Mcasurcd y-spectra for the 15 om Pb radintion

within 5% in the barc and 15 cm Pb ficlds.

KL

fickd. normalised to the peak of the in-air spectrum.
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Meisurements of the neutron component of dose by
the different technigues agreed within 9% (bare)
and 12% (|5 cm Ph)

Further  cfforts  in this  intercomparison
programme will emphisise repeating and extending
the present measurements with an improved in-
room monitor system to reduce the uncertainty
involved in comparing data taken at dose rates
(reactor power levels) differing by up to four orders
of magnitude.

We interpret the present results as confirming the
accuracy of neutron dosimetry measurements at the
AFRRI TRIGA reactor within the uncertainties of
the experimental measurements.

The opinions and assertions contained herein are those of
the authors and should not be construed as reflecting the
views of the Department of Defense or the Defense
Nuclear Agency.
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