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Abstract

Treatment of primary cultures of rat ovarian dispersates with
IL-1j# results in morphologic and cytotoxic changes, thought to
reflect tissue remodeling events associated with ovulation. We
examined the role that the free radical nitric oxide plays in this
process and report that IL-1$t induces expression of the induc-
ible isoform of nitric oxide synthase in ovarian cells as demon-
strated by immunoprecipitation. Weshow that IL-1ft treatment
results in the formation of nitric oxide (as measured by accu-

mulation of nitrite and cGMP) in both a time- and concentra-
tion-dependent manner that is prevented by aminoguanidine, a

selective inhibitor of the inducible isoform of nitric oxide syn-

thase. Aminoguanidine also inhibits IL-i-induced ovarian cel-
lular cytotoxicity. These results suggest that nitric oxide is an

important mediator of cell death and may act as a physiologi-
cally significant mediator of tissue remodeling events that occur
in vivo during the ovulatory process. (J. Clin. Invest. 1993.
92:3053-3056.) Key words: cytokines - aminoguanidine * nitric
oxide synthase * interleukin-i * ovulation

Introduction

Ovulation, the process by which a mature ovum is generated
and released, has been described as an orderly sequence of
events reminiscent of an acute inflammatory response ( 1 ). In-
deed, recent studies have pointed to the macrophage and its
secretory products as potential in situ regulators of ovarian
function (2). Specifically, IL- 1-like activity has been demon-
strated in follicular fluid (3, 4), and it appears that acquisition
of intraovarian IL- 1 synthetic capacity is gonadotropin depen-
dent (2), pointing to an intermediary role for IL- 1 in the ovula-
tory cascade. The perception that this cascade involves tissue
remodeling and cell death, along with the observation that
treatment of primary rat ovarian cell cultures with IL- 1 pro-
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duces marked time-dependent morphologic changes, including
irreversible detachment and cell death ( 5 ), places IL- 1 and the
macrophage at the center of an incompletely described intra-
ovarian network regulating follicular development and rup-
ture.

Because of previous suggestions that IL- 1-induced cytotox-
icity in primary cultures of ovarian dispersates may be indirect
and effected via secretion of soluble mediators (5), we hypoth-
esized that the highly reactive free radical, nitric oxide (NO0),'
whose diverse roles include regulation of vascular resistance
and blood pressure, signal transduction, tumor cell killing, and
resistance to infection (6-8), might be a critical effector mole-
cule of IL-l -induced cell death in ovarian cell culture.

Methods
Reagents. Incubation medium was serum free CMRL-1066 (Gibco,
Grand Island, NY) with glutamine (2 mM), penicillin (50 U/ml), and
streptomycin (50 ,g/ml). Collagenase type P and DNase were from
Boehringer Mannheim Biochemicals (Indianapolis, IN). Aminoguani-
dine hemi-sulfate salt, aprotinin, and leupeptin were purchased from
Sigma Chemical Co. (St. Louis, MO), and human recombinant IL-1/I
(109 U/mg) was obtained from Cistron Biotechnology, Inc. (Pine
Brook, NJ).

Tissue culture preparation. Ovarian cells were isolated from imma-
ture (21-25 d-old) Sprague-Dawley rats (Sasco, Inc., O'Fallon, MO)
and dispersed as described previously (9). Briefly, ovaries were har-
vested, cut into pieces, washed, and incubated in a collagenase-DNase
solution of incubation media with 4 mg/ml collagenase and 10 ,g/ml
DNase for 2 h at 370C. Successively smaller diameter Pasteur pipettes
were then used to triturate the tissues, creating a cellular dispersate
made up of a heterogeneous population of ovarian cells, including ste-
roid secreting granulosa, theca, and interstitial cells, and resident ovar-
ian macrophages (10, 11). Cells were washed twice before plating, as
indicated, at either 2 x 10' cells/well in plastic flat-bottomed 96-well
microtiter plates (for nitrite and lactic dehydrogenase [ LDH] determi-
nations) or 5 x 10' cells/well in 24-well plates (for cGMPdetermina-
tions). Cells were incubated under an atmosphere of 95% air/ 5%CO2
at 370C. Supernatants were harvested at indicated times for analysis.

Nitrite determination. Nitrite determinations were made on 50-II
aliquots of culture supernatant mixed with 50 ul of the Griess reagent
(12) and the absorbance at 540 nM was measured by Flow ELISA
Reader (Flow Laboratories, Inc., McLean, VA).

Measurement of cGMPlevels. cGMPaccumulation was deter-
mined on ovarian dispersates incubated for 24 and 48 h as described
above, followed by an additional 30-min incubation in fresh media

1. Abbreviations used in this paper: AG, aminoguanidine; iNOS, in-
ducible nitric oxide synthase; LDH, lactic dehydrogenase; NO, nitric
oxide.
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containing I mMisobutyl-methylxanthine. Cells were isolated by cen-
trifugation and cGMPwas measured by radioimmunoassay as de-
scribed previously ( 13).

Quantitation of cell death. Cell death was quantitated as described
(14) by measurement of release of the soluble cytoplasmic enzyme
LDH into culture supernatant. LDHcontent in 100-,d aliquots of cell-
free supernatant was measured spectrophotometrically at 340 nMus-
ing NADHand sodium pyruvate as substrates. Cytotoxicity was calcu-
lated as:

%cell death = LDHDIe_LDHcontl X 100
LDHtotw - LDHconti.oi

where total LDHactivity (LDHCO.) was determined from the superna-
tant of a sample treated with 0.1% Triton X- 100 for 30 min.

Immunoprecipitation of cytokine inducible NO synthase (iNOS)
from ovarian cells treated with IL-#13. Polyclonal antibodies were pre-
pared against a peptide derived from the COOH-terminal 27 amino
acids of mouse macrophage iNOS. Isolated ovarian cells ( 1 x I0O/500
,Ml CMRLtissue culture media) were cultured overnight in a 24-well
microtiter plate at 37DC under an atmosphere of 95%air and 5%CO2.
Cells were then washed three times with l-ml portions of MEMmethio-
nine deficient media (9 parts methionine free MEM/1 part MEMcon-
taining methionine), and suspended in 400 Ml of this combination of
media. The cells were cultured for 18 h with or without IL-1I3 ( 10
U/ml) in the presence or absence of actinomycin D ( 1 MM). 300 ACi of
[35SImethionine ( 1,164 Ci/mmol, Trans "S-label, ICN Biochemicals,
Inc., Irvine, CA) was added and the cells were cultured for 24 addi-
tional h. The media were removed and nitrite was determined as de-
scribed above. The cells were washed three times with PBS, and then
0.5 ml of lysis buffer (0.1% Triton X-100, 0.1% BSA, 100 Mg/ml apro-
tinin, 100,ug/ml leupeptin, 10 mMPMSF, and 1 mMiodoacetamide)
was added and the cells were incubated at 4°C for 1 h. iNOS was
immunoprecipitated from the lysed cells as described previously ( 15)
using iNOS polyclonal antiserum at a 1:750 dilution. Immunoprecipi-
tated samples were separated by SDSdiscontinuous polyacrylamide gel
electrophoresis using an 8%gel ( 16).

Results

Effect of IL-I,# on nitriteformation and cGMPaccumulation in
ovarian cell culture. Fig. 1 a demonstrates that 10 U/ml IL- 113
induces the formation of nitrite (a stable oxidative metabolite
of NO0) by ovarian cells following both 24- and 48-h incuba-
tions with IL- 13. Nitrite formation is blocked by nitric oxide
synthase inhibitors aminoguanidine (17, 18) and N0-mono-
methyl-L arginine (data not shown). Similarly, IL-113 treat-
ment results in a fivefold increase in cellular cGMPat 24 h and
a threefold increase at 48 h (Fig. 1 b). Aminoguanidine blocks
cGMPformation at both time points. cGMPaccumulation
provides a sensitive index of NO' production because of the
ability of NO to directly activate guanylate cyclase (6).

Time and concentration dependence of IL-i]#-induced ni-
trite formation by ovarian cell dispersates. The time course of
IL- 11 induction of ovarian cell nitrite formation is shown in
Fig. 2 a. Treatment of ovarian cells with 10 U/ml IL- 113 in-
duces a linear increase in the formation of nitrite from 24 to 96
h. Aminoguanidine prevents the formation of nitrite at all time
points examined. The concentration dependence of IL- 113-
induced nitrite formation is shown in Fig. 2 b. IL- 11 induces
nitrite formation at a concentration of 10 U/ml, and nitrite
production is substantially increased if cells are treated with 50
U/ml IL- 113; however, nitrite formation is not observed at con-
centrations of 1 U/ml or lower. Aminoguanidine (0.5 mM)
completely blocks nitrite formation by ovarian cells treated
with 50 U/ml IL-1,8.
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Figure 1. Effect of IL- 1# on nitrite and cGMPformation by ovarian
cells. The formation of nitrite (A) and the cellular accumulation of
cGMP(B) by ovarian cells were determined following culture for 24
and 48 h in the presence or absence of 10 U/ml human recombinant
IL-1: or 0.5 mMaminoguanidine (AG). Results are the mean±SEM
of three independent experiments containing three replicates per
condition.

Inhibition of NO synthesis attenuates IL-I-induced ovar-
ian cellular cytotoxicity. Several reports have identified NO as
the mediator of IL-11 induced cellular destruction in other
experimental systems where induction of cytotoxicity generally
requires protein synthesis ( 18-20). Westudied the relationship
between ovarian NOproduction and IL- l-induced cytotoxic-
ity by examining the ability of aminoguanidine to prevent IL-
l3-induced ovarian cell death. Fig. 3 demonstrates that treat-

ment of primary ovarian cell cultures for 96 h with 10 U/ml
IL- 11 results in the death of 60% of cultured cells as mea-
sured by demise-dependent cellular release of LDH. This effect
is significantly attenuated by inhibition of NO synthesis in
IL-1l3-treated cultures using 0.5 mMaminoguanidine (IL-13
vs. IL- 113+ aminoguanidine, P < 0.01 ). Treatment of ovarian
cells with aminoguanidine alone, in the absence of IL- 113, does
not effect cell viability. During the time period studied, no
changes in either absolute or relative values of LDHrelease are
observed in untreated control ovarian dispersates.
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Figure 2. Time and concentration dependence of IL-lI3-induced NO
formation by ovarian dispersates. (A) Isolated ovarian cells (2 x I05
cells/ 100 Ml) were cultured for the indicated periods of time in the
presence or absence of 10 U/ml IL-l(I or 0.5 mMaminoguanidine
(AG) as indicated. (B) Isolated ovarian cells were cultured for 96 h
in the presence of increasing concentrations of IL- 1I3 as indicated.
Results are the mean±SEMof three individual experiments contain-
ing three replicates per condition.

Identification of iNOS in the rat ovary by immunoprecipita-
tion. Polyclonal antibodies specific for the COOH-terminal 27
amino acids of mouse macrophage iNOS were used to immuno-
precipitate iNOS from ovarian cells treated with IL- 13. Fig. 4,
lane 2 shows that treatment of ovarian cells with 10 U/ml IL- I
results in the expression of an immunoprecipitable protein
with a size of 130 kD. The expression of this protein is not
observed in untreated ovarian cells (lane 1), and 1 uMactino-
mycin D(lane 3) inhibits IL- 1/ -induced expression of this pro-
tein. The peptide used to prepare iNOS antiserum also pre-
vents immunoprecipitation of iNOS induced by treatment of
ovarian cells with IL- 1/3 (lane 4). This result, coupled with the
inability of preimmune serum to immunoprecipitate iNOS
from induced macrophages (our unpublished observation)
demonstrates the specificity of the antiserum for the 1 30-kD
protein. A threefold increase in the level of nitrite produced
(control, 4.3±0.2 pmol/2 X 104 cells; IL-1, 14.5±0.25 pmol/2
X 104 cells) was found in IL-I-treated wells, and actinomycin
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Figure 3. Effects of IL-l# and aminoguanidine (AG) on ovarian cell
viability. Isolated ovarian cells were cultured for the indicated periods
of time in the presence or absence of 10 U/ml IL- Ia or 0.5 mMAG.
Following culture, supernatants were removed and cell death was de-
termined by the release of lactate dehydrogenase (LDH) into the cul-
ture medium. Results are the mean±SEMof three individual experi-
ments containing three replicates per condition. P < 0.01 for IL- l vs.
IL- l + AGat 72 and 96 h as determined by Student's unpaired t test.

D inhibited IL-lI3-induced formation of nitrite ( 3.6±0.4 pmol/
2 x I04 cells).

Discussion

Our data demonstrate that IL- 13 actively induces NO' synthe-
sis in the ovary via induction of expression of a 1 30-kD protein
immunoprecipitated with iNOS antiserum. Moreover, the find-
ings presented here establish that NO is a critical mediator of
IL- 1-induced cytotoxicity in ovarian cell culture. It is also
likely that ovarian production of NO is of great importance in
vivo. In addition to a cytotoxic effector role in tissue remodel-
ing and ovulation, the molecule could also be a mediator
(along with histamines and prostaglandins) of the vasodilation

205 Figure 4. Immunopre-
cipitation of cytokine

_ -- iNOS from ovarian cells
116- treated with IL-lfI.

Ovarian cells were met-

80 - abolically labeled under
the following condi-
tions: lane 1, untreated
control; lanes 2 and 4,

49.5 - 10 U/ml IL-Ij3; lane 3,
lO U/mlIL-fl and 1
MMactinomycin D.

1 2 3 4 After culture, the cells
were lysed and a 1 30-kD

protein was immunoprecipitated by polyclonal antiserum prepared
against mouse macrophage inducible nitric oxide synthase. In lane 4,
0.5 Mgof the peptide antigen used to prepare the polyclonal antiserum
was added during the immunoprecipitation reaction. Samples were
separated by 8%SDSpolyacrylamide gel electrophoresis and proteins
were visualized by fluorography. Results are representative of two
independent experiments.
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and resulting follicular hyperemia associated with early preo-
vulatory events (21 ) such as follicular recruitment and selec-
tion. Although less well understood in terms of cytokine in-
volvement, the process of follicular atresia would also seem to
require the participation of short-lived cytotoxic mediators
such as the NO molecule.

Presently, the cellular source of ovarian NO synthesis is
not known. Although a likely candidate is the ovarian macro-
phage, it is important to note that IL- 1 has not been demon-
strated to induce NO synthesis by the macrophage (22). It is
quite possible that other cells, particularly of nonhematopoie-
tic origin, are capable of expressing iNOS, as has been shown in
the pancreatic islet A-cell ( 18) and in endothelial cells ( 19).
The observations that neither purified granulosa or theca cell
cultures alone exhibit the IL- 1 cytotoxic effect, and that the
effect can be recovered in co-culture of the two purified popula-
tions, suggests not only that IL- 1 acts via induction of a soluble
mediator (5), which we have identified as NO0, but also that
the cytotoxic effect requires specific interactions between the
two cell populations to induce the expression of NO' synthase.
Regulation of NO synthesis in these two cell populations is
currently under active investigation.

Other reports have identified NO production in reproduc-
tive tissues. NOrelease by noncholinergic, nonadrenergic neu-
rons has been shown to be the major, if not only, neuronal
mediator of smooth muscle relaxation of the corpus caverno-
sum and thus penile erection (23, 24). Our description of NO0
production in another reproductive tissue, under very different
conditions, mediating a fundamentally different process,
points to intimate involvement of this "Janus-faced" molecule
(25) at many disparate points in the reproductive process.

Acknowledgments

Wethank Dr. E. R. Unanue, Department of Pathology, and Drs. J. S.
Schreiber and L. Olsen, Department of Obstetrics and Gynecology, all
at Washington University, St. Louis MOfor their generous support and
encouragement of this work. Weare also grateful to Connie Marshall
for providing expert technical assistance.

This work was supported by National Institutes of Health grants
DK-06181 (to M. L. McDaniel), F32-DK-08748 (to J. A. Corbett) and
Public Health Reproductive Scientist Development Award HD00849-
04 (to K. P. Beckerman).

References

1. Adashi, E. Y. 1989. Cytokine-mediated regulation of ovarian function:
encounters of a third kind. Endocrinology. 124:2043-2045.

2. Hurwitz, A., J. Loukides, E. Ricciarelli, L. Botero, E. Katz, J. M. McAllis-
ter, J. E. Garcia, R. Rohan, E. Y. Adashi, and E. R. Hernandez. 1992. Human
intraovarian interleukin-l (IL-1): highly compartmentalized and hormonally
dependent regulation of the genes encoding IL-1, its receptor, and its receptor
antagonist. J. Clin. Invest. 89:1746-1754.

3. Khan, S. A., K. Schmidt, P. Hallin, R. D. I. Pauli, C. H. DeGeyter, and E.
Nieschiag. 1980. Human testis and cytosol and ovarian fluid contain high
amounts of interleukin-l-like factors. Mol. Cell. Endocrinol. 58:221-230.

4. Takakura, K. S., S. Taii, M. Fukuoka, K. Yasuda, Y. Tagaya, J. Yodoi, and
T. Mori. 1989. Interleukin-1 receptor/p55(tac) inducingactivity in porcine follic-
ular fluid. Endocrinology. 125:618-623.

5. Hurwitz, A., E. R. Hernandez, D. W. Payne, A. M. Dharmarajan, and E. Y.
Adashi. 1992. Interleukin-1 is both morphogenic and cytotoxic to cultured rat
ovarian cells: obligatory role for heterologous, contact-independent cell-cell in-
teraction. Endocrinology. 131:1643-1649.

6. Moncada, S., R. M. J. Palmer, and E. A. Higgs. 1991. Nitric oxide: physiol-
ogy, pathophysiology, and pharmacology. Pharmacol. Rev. 43:109-142.

7. Green, S. J., C. A. Nacy, and M. S. Meltzer. 1991. Cytokine-induced synthe-
sis of nitrogen oxides in macrophages-a protective host response to Leishmania
and other intracellular pathogens. J. Leukocyte Biol. 50:93-103.

8. Beckerman, K. P., H. W. Rogers, J. A. Corbett, R. D. Schreiber, M. L.
McDaniel, and E. R. Unanue. 1993. Release of nitric oxide during the T-cell
independent pathway of macrophage activation: its role in resistance to Listeria
monocytogenes. J. Immunol. 150:888-895.

9. Magoffin, D. A., and G. F. Erickson. 1981. Mechanism by which 17(J-
estradiol inhibits ovarian androgen production in the rat. Endocrinology.
108:962-968.

10. Bulmer, D. 1964. The histochemistry of ovarian macrophages in the rat.
J. Anat. 98:313-319.

1 1. Magoffin, D. A., and G. F. Erickson. 1982. Primary culture of differentiat-
ing ovarian androgen-producing cells in defined medium. J. Biol. Chem.
257:4507-4513.

12. Green, L. C., D. A. Wagner, J. Glowgowski, P. L. Skepper, J. S. Wishnok,
and S. R. Tannenbaum. 1982. Analysis of nitrate, nitrite and [ 15N]nitrate in
biological fluids. Anal. Biochem. 124:131-138.

13. Corbett, J. A., J. L. Wang, J. H. Hughes, B. A. Wolf, M. A. Sweetland, J. R.
Lancaster, Jr., and M. L. McDaniel. 1992. Nitric oxide and cyclic GMPforma-
tion induced by interleukin-lI# in Islets of Langerhans. Biochem. J. 287:229-235.

14. Kornberg, A. 1955. Lactic dehydrogenase of muscle. In Methods in Enzy-
mology. S. Colowick and N. Kaplan, editors. Academic Press Inc. New York.
1:441-443.

15. Laemmli, U. K. 1970. Cleavage of structured proteins during assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

16. Springer, T. A. 1991. Purification of proteins by immunoprecipitation. In
Current Protocols in Molecular Biology. F. Ausubel, R. Brent, R. Kingston, D.
Moore, J. Seidman, J. Smith, and K. Strehl editors. Green Publishing Associates
and Wiley-Interscience, New York. 2:10.16.1-11.

17. Corbett, J. A., R. G. Tilton, K. Chang, K. S. Hasan, Y. Ido, J. L. Wang,
M. A. Sweetland, J. R. Lancaster, Jr., J. R. Williamson, and M. L. McDaniel.
1992. Aminoguanidine, a novel inhibitor of nitric oxide formation, prevents
diabetic vascular dysfunction. Diabetes. 41:552-556.

18. Corbett, J. A., and M. L. McDaniel. 1992. Does nitric oxide mediate
autoimmune destruction of P cells? Diabetes. 41:897-903.

19. Nathan, C. 1992. Nitric oxide as a secretory product of mammalian cells.
FASEB(Fed. Am. Soc. Exp. Biol.) J. 6:3051-3064.

20. Hughes, J. H., J. R. Colca, R. A. Easom, J. Turk, and M. L. McDaniel.
1990. Interleukin 1 inhibits insulin secretion from isolated rat pancreatic islets by
a process that requires gene transcription and mRNAtranslation. J. Clin. Invest.
86:856-863.

21. Cavender, J. L., and W. J. Murdoch. 1988. Morphological studies of the
microcirculatory system of periovulatory ovine follicles. Biol. Reprod. 39:989-
995.

22. Drapier, J. C., J. Wietzerbin, and J. B. Hibbs, Jr. 1988. Interferon-y and
tumor necrosis factor induce the L-arginine-dependent cytotoxic effector mecha-
nism in murine macrophages. Eur. J. Immunol. 18:1587-1592.

23. Rajfer, J., W. J. Aronson, P. A. Bush, F. J. Dorey, and L. J. Ignarro. 1992.
Nitric oxide as a mediator of relaxation of the corpus cavernosum in response to
nonadrenergic, noncholinergic neurotransmission. N. Engl. J. Med. 326:90-94.

24. Burnett, A. L., C. J. Lowenstein, D. S. Bredt, T. S. K. Chang, and S. H.
Snyder. 1992. Nitric oxide: a physiologic mediator of penile erection. Science
(Wash. DC). 257:401-403.

25. Lancaster, J. R., Jr. 1992. Nitric oxide in cells. Am. Sci. 80:248-259.

3056 C. Ellman, J. A. Corbett, T. P. Misko, M. McDaniel, and K. P. Beckerman


