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Abstract. Tumor necrosis factor-a (TNF), originally identified as an inflammation- 
associated cytokine, is synthesized throughout the female reproductive tract as well 
as in placentas and embryos. Development, female sex steroid hormones, and lipo- 
polysaccharide influence expression of this gene. The functions of TNF may be de- 
termined in part by differential expression of the two species of TNF receptors, both 
of which seem to be regulated by female sex steroid hormones. Evidence has accu- 
mulated that supports a role for this potent, pleiotropic cytokine in autocrine and 
paracrine processes central to reproduction, including gamete and follicle develop- 
ment, steroidogenesis, uterine cyclicity, placental differentiation, development of the 
embryo, and parturition. (P.S.E.B.M. 1995, Vol2091 

here has been an explosion of information re- 
garding production and function of cytokines in T the female reproductive tract (1-9). Tumor ne- 

crosis factor-a (TNF), a potent, multifunctional poly- 
peptide, is among the cytokines that are produced by 
many types of cells in female reproductive organs and 
tissues (Fig. 1). Although first described as a product 
of activated macrophages that lysed selected tumor 
cell lines (lo), TNF is now known to be among the 
most versatile of cytokines. TNF's effects on cell 
growth depend on both concentration of the cytokine 
and lineage of the target cell. For example, rat tropho- 
blast cell DNA synthesis is inhibited by TNF whereas 
embryonic rat fibroblast DNA synthesis is promoted 
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(11). The factor is not limited to regulation of cell 
growth, but has, instead, a remarkable range of effects 
on cellular functions (12-14). TNF mRNA and protein 
are readily identified in the absence of inflammation 
and neoplasia, indicating that the polypeptide serves 
as a normal mediator of cell and tissue homeostasis 
(15-1 8). Although pathophysiological effects of TNF 
are probably limited to situations in which TNF levels 
are extraordinarily high, such as occurs during gram- 
negative bacterial infections, it is also possible to en- 
vision syndromes of TNF deficiency. 

The intent of this article is to describe TNF gene 
expression and its regulation primarily in human and 
murid female reproductive tracts and to discuss the 
outcome of studies designed to elucidate the role of 
this cytokine in the physiology of female reproduction. 
Working models will be proposed for the involvement 
of TNF in several processes, including oocyte and fol- 
licle development, luteal regression, cyclicity of the 
uterine endometrium, placental development and 
function, and parturition. Interactions with hormones 
such as gonadotropins and ovarian steroidal hormones 
as well as various cytokines will be discussed. 
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Figure 1. TNF in the female reproductive tract. Shaded grey areas indicate tissues where TNF gene products have been identified, 
as specified in the text. 

Members of the TNF Gene Family and 
Their Receptors 

TNF was the first member of the multigene TNF 
family to be identified and characterized, and lympho- 
toxin-a (LT-a, formerly TNF-P) was the second. Eight 
additional members have now been identified by virtue 
of sequence similarities among their receptors ( 19-22). 
The TNF gene is located in the class I11 region of the 
major histocompatibility complex, and codes for a 26- 
kDa membrane-bound form which releases a 17.3-kDa 
soluble form upon cleavage from pro-TNFa (12-14). 
Physiologically active, soluble TNF circulates as a ho- 
motrimer. These trimers bind to and facilitate multi- 
merization of two distinct cellular receptors, termed 
pWp60 (Type I, b) and p7Yp80 (Type 11, a) to reflect 
their molecular masses. The receptor genes have been 
cloned and sequenced in several species (23, 24). Sol- 
uble TNF receptors (TNF-R) capable of inhibiting 
TNF action, by competing for cell-bound receptors or 
neutralizing soluble TNF, are present in serum and 
urine. These are believed to comprise a natural means 
of protection against the detrimental effects of exces- 
sive cytokine (25). 

While the extracellular domains of the TNF-R ex- 
hibit some sequence homology, their intracellular do- 
mains are entirely different, indicating that distinct in- 
tracellular signaling pathways will be activated by 
binding of TNF. This is indeed the case. TNF-RI is 
primarily associated with cytotoxicity (26, 27). Trans- 
genic mice lacking TNF-RI are insensitive to lipopoly- 
saccharide (LPS)-induced shock (28, 29), which is me- 
diated in large part by high levels of TNF, and are less 
efficient killers of certain intracellular microorgan- 
isms. Although TNF-RII appears to be primarily as- 
sociated with lymphocyte proliferation (26, 30), this 

receptor may also be involved in transducing a cyto- 
toxic signal. Interestingly, “knockout” of the TNF- 
RII has minimal phenotypic effect (22). 

Readers interested in other members of the TNF 
gene family (LT-a,P, Fas ligand, CD40 ligand, CD27 
ligand, CD30 ligand, 4-1BB ligand, OX40 ligand) and 
their receptors are referred to the recent reviews cited 
above and to original reports (31-39). 

While most of the studies reported below on map- 
ping of TNF gene expression in the female reproduc- 
tive tract utilized high stringency conditions, some 
cross-hybridization or cross-binding might possibly 
have occurred. In particular, many of the antibodies 
used to identify TNF protein are polyclonal and bind- 
ing to a TNF-like protein cannot be entirely ruled out. 
Nonetheless, it is clear that either TNF or a closely 
related protein is ubiquitous in the female reproductive 
tract and may well play a major role in follicular and 
luteal development, uterine cyclicity, and maternal- 
fetal as well as placenta-embryo communication net- 
works that characterize pregnancy. 

TNF in the Ovary 
Evidence for TNF in the Ovary. There are sev- 

eral studies reporting the presence of T N F  in the 
ovary. These studies have used numerous techniques 
such as immunocytochemistry, bioassay, Northern 
hybridization, and reverse transcriptase polymerase 
chain reaction. The following sections describes TNF 
in the ovary and its follicular and luteal compartments. 
Species differences and similarities are also pointed 
out whenever possible. 

Mouse. Ovarian cells that transcribe the gene for 
TNF have been identified in the adult cyclic mouse 
using in situ hybridization and immunocytochemistry 
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(17). TNF mRNA hybridization signals and immuno- 
reactivity were observed in oocytes of healthy follicles 
with two or more layers of granulosa cells. TNF 
mRNA and immunoreactivity were not observed in 
oocytes of primordial follicles, follicles with a single 
layer of granulosa cells, or early atretic follicles. How- 
ever, in late stages of atresia immunoreactive TNF 
was observed in the oocytes. Theca and/or granulosa 
cells from all stages of follicular development exhib- 
ited TNF mRNA hybridization signals. Interestingly, 
in some follicles only the theca or granulosa were pos- 
itive for TNF mRNA. However, in atretic follicles 
both theca and granulosa exhibited TNF mRNA hy- 
bridization signals. The interstitial cells were negative 
but macrophage-like cells within this compartment 
were positive for TNF mRNA and protein. Corpora 
lutea contained hybridization signals for TNF in the 
luteal cells as well as in macrophage like cells; how- 
ever, only the macrophages contained immunoreac- 
tive TNF. Interestingly, the hybridization signals and 
immunoreactivity were of greater intensities in older 
corpora lutea than in corpora lutea of the current cy- 
cle. Northern blots revealed a 2.2-kb TNF mRNA in 
the ovary and the relative proportions of TNF mRNA 
to 28s rRNA (constitutive RNA) did not change 
throughout the estrous cycle. Similarly, TNF hybrid- 
ization signals and immunoreactivity did not appear to 
change throughout the cycle. These results indicated 
that TNF gene transcription in the oocyte coincided 
with the synthesis of immunoreactive TNF and that 
these processes occurred at very distinct steps of fol- 
licular development. The formation of the second 
layer of granulosa cells in the type 4 follicle was cou- 
pled with the initial phase of TNF gene transcription in 
the oocyte since TNF mRNA and protein appeared in 
synchrony at this stage. The onset of TNF gene ex- 
pression correlated with growth of the oocyte and thus 
may be related to that event. It would be of interest to 
inhibit ovarian TNF gene expression with antisense 
oligonucleotides and assess its effects on oocyte 
growth. 

Rat. Immunocytochemistry in adult ovaries 
showed that the ooplasm of the oocyte was a primary 
site of TNF localization within the follicle (18) similar 
to that observed in the mouse. However, in contrast to 
the mouse, immunostaining was present in primordial 
follicles, those with one layer of granulosa cells and 
larger follicles. Determining the initial appearance of 
oocytic TNF in the ovary was of interest. TNF was 
present within oocytes of the neonate as early as 2 
days after birth. Fetal oocytes 1 day before birth did 
not contain immunoreactive TNF. However, fetal and 
neonatal (as well as adult) ovaries contained TNF 
mRNA. Thus, it appears that as soon as the pup was 
delivered and was away from the hormonal influence 
of the mother TNF synthesis was initiated. Since cor- 

ticosterone increases in maternal circulation toward 
the end of pregnancy (40) and corticoids inhibit tran- 
scription and translation of TNF (41), it is hypothe- 
sized that maternal/fetal corticoids are causal in the 
inhibition of TNF synthesis during the fetal period. 
Therefore, removal of the pup from the high corticoid 
environment may allow translation of TNF in the 
neonate. 

Isolated granulosa cells near the oocytes also con- 
tained immunoreactive TNF in some follicles (18) 
which agreed with previous studies (42). However, it 
is unclear if granulosa cells indeed synthesized TNF; 
possibly, TNF was sequestered from the oocyte or 
another cell type, such as a mononuclear cell. Reverse 
transcriptase polymerase chain reaction (RT-PCR) 
analysis of oocytes collected from preovulatory folli- 
cles prior to the luteinizing hormone (LH) surge gen- 
erated a cDNA band of 500 bp that corresponded to 
the predicted size for the amplified TNF cDNA (43). 
This indicated the presence of TNF mRNA in the 
oocyte. Preovulatory oocytes were also assayed for 
TNF bioactivity using L929 cells which lyse in the 
presence of TNF (18). Oocytes contained TNF bioac- 
tivity that was similar to recombinant murine TNF. 
These results provided firm evidence for the identifi- 
cation of immunoreactive and bioactive TNF within 
oocytes, which was further supported by the presence 
of TNF mRNA within the oocyte. The onset of ap- 
pearance of immunoreactive TNF in the oocyte at the 
time of birth indicated the possibility that TNF may be 
involved in early follicular organization. 

Rabbit. Media obtained from luteal tissue cul- 
tures obtained on Day 5, and Day 17/19 of pseudopreg- 
nancy exhibited TNF bioactivity using the LM cell 
bioassay (44, 45). In vitro lipopolysaccharide (LPS) 
increased TNF bioactivity in media of luteal tissue in- 
cubations on Day 17/19 of pseudopregnancy. The ma- 
jor target of LPS was macrophages within the luteal 
tissue. The bioactivity was neutralized by anti-TNF 
and thus, appeared to be authentic TNF. Macrophages 
were immunocytochemically localized to regressing 
corpora lutea (CL) on Day 17. However, macrophages 
were not observed in Day 5 CL; low but significant 
TNF bioactivity was detected in conditioned media at 
that time. Therefore, cells other than macrophages in 
the CL may have produced the bioactive TNF on Day 
5. However, on Day 17 the numerous macrophages 
correlated well with high levels of LPS-induced TNF 
release into the culture media indicating that macro- 
phages were the likely source of the bioactive TNF at 
that time. 

Sheep and Cow. TNF mRNA was undetectable 
by Northern blot (46) in sheep CL during various 
stages of regression. However, TNF bioactivity in- 
creased in response to PGF,, after the CL regressed 
and after progesterone levels in serum had declined. 
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These results indicated that leucocytes and/or cells 
from other parts of the ovary infiltrated the CL late in 
luteal regression and contributed to the total amount of 
TNF bioactivity. It was hypothesized that the mono- 
nuclear cells enter the CL after physiologic regression 
in order to remove cellular debris (46). 

Immunoreactive TNF (42) and TNF mRNA 
(Marcinkiewicz, Pate, and Terranova, unpublished) 
have been detected in bovine CL. Immunoreactive 
TNF was observed in atretic and antral follicles and in 
mononuclear macrophage-like cells throughout the 
ovary including the interstitium, theca, and CL (42). 
Immunoreactive TNF was localized to cells in the th- 
ecal cords that penetrated the CL. These cells were 
either macrophage-like cells or thecal cells (or possibly 
both). A study by Zolti et al. (47) reported TNF in 
follicular fluid of cows using a TNF bioassay. Concen- 
trations of bioactive TNF increased significantly and 
steadily from Day 3 to 20 of the estrous cycle with 
highest levels observed on the day of ovulation in cor- 
pora hemorrhagica. However, there are currently no 
clear insights into a role of increasing TNF in the fol- 
licles during the bovine estrous cycle. 

Human. Several studies have reported TNF in 
the follicular and luteal compartments of the human 
ovary (47-51). Similar to the rat and cow (42), healthy 
antral follicles exhibited immunoreactive TNF in the 
antral layer of granulosa cells (48). Immunoreactive 
TNF was observed in the follicular fluid surrounding 
granulosa cells. Atretic follicles also exhibited TNF in 
the follicular fluid and in some granulosa cells lining 
the antral cavity. In the CL large lutein-like cells and 
paraluteal cells of t hecal origin contained immunore- 
active TNF. 

In vitro studies have also implicated the granulosa- 
luteal cell as a source of TNF (47,48). Granulosa cells 
collected from patients undergoing in vitro fertilization 
(IVF) released TNF into culture medium during a 15-h 
incubation (47). Only follicle-stimulating hormone 
(FSH) (but not hCG, colony-stimulating factor [CSF], 
PGF,,, or 8 Br-CAMP) increased TNF in the culture 
media (47). A synergism between CSF and hCG was 
observed on TNF release since neither alone increased 
TNF but together they increased TNF as much as 
FSH alone. The physiological significance of such a 
synergism is unknown. CSF was unable to further in- 
crease the release of TNF induced by FSH. Since 
granulosa cell aspirates from the IVF patients contain 
polymorphonuclear cells, the effects of FSH on mono- 
cytic release of TNF was investigated. No effect of 
FSH was observed on the monocytes. However, it is 
possible that FSH might cause granulosa cells to re- 
lease substance(s) that induce the monocytes to re- 
lease TNF. 

LPS binding protein has been identified on human 
granulosa cells using highly specific antibodies (52). 

Ninety four percent of the cells exhibiting immunoflu- 
orescent LPS-binding were also positive for the ste- 
roidogenic enzyme 3P-hydroxysteroid dehydrogenase, 
indicating that these steroidogenic (granulosa-lutein) 
cells exhibit LPS binding sites. In order to detect a 
response to LPS, the enriched population of granulo- 
sa-luteal cells were cultured in vitro in the presence or 
absence of LPS. After 16 hr of culture, TNF mRNA 
was detected by RT-PCR and Southern blot analysis of 
the amplified cDNA. The expression of TNF mRNA 
was enhanced when the cells were cultured in the pres- 
ence of LPS, which also significantly enhanced TNF 
secretion into the media during the 16-hr period. Since 
macrophages and leukocytes may have contaminated 
the enriched preparation of granulosa cells, additional 
studies are needed to confirm TNF production by 
granulosa cells. TNF mRNA has also been detected in 
human granulosa-luteal cells by Northern blot (53). 

Interleukin- 1 and -6, colony-stimulating factor- 1, 
and TNF have been measured in conditioned medium 
of oocytes, granulosa cells, cumulus cells, and one to 
eight cell embryos from women undergoing in vitro 
fertilization procedures (54). After a 24-hr incubation 
period, conditioned medium only from the oocyte co- 
rona-cumulus complex contained high levels of inter- 
leukin-1 and -6 and CSF-I , and very low levels of 
TNF. Interleukin-1 and -6 and CSF-1 decreased to un- 
detectable levels thereafter, but increased accumula- 
tion in media was observed in two to four cell em- 
bryos. TNF further increased in the media of six to 
eight cell embryos. TNF levels were low in oocyte- 
conditioned medium and increased stepwise in condi- 
tioned media of two to four and six to eight cell 
embryos. 

Regulation of TNF in the Ovary 
Factors regulating expression of ovarian TNF are 

largely unknown. Measurements of ovarian TNF 
mRNA during the estrous cycle of mice (17) and after 
pregnant mare serum gonadotropin (PMSG) treatment 
of immature rats revealed no significant changes (55). 
Qua1 i t at ive assess me nt of immunoc y toc he mi s t ry in 
adult cyclic mice and rats and PMSG-treated immature 
rats also revealed no significant changes (17, 18, 55). 
Interestingly, LPS-treated immature rats exhibited 
large influxes of TNF immunoreactive cells into the 
ovarian stroma, theca, and interstitium (55) .  However, 
there were no changes in ovarian TNF mRNA after 
LPS. In the rat ovary, oocytes appear to be the major 
source of ovarian TNF, and thus basal levels of TNF 
mRNA are high. Any further increase in TNF mRNA 
from cells migrating into the ovary may contribute lit- 
tle to the total amount of TNF mRNA already present. 

Two reports indicate the possibility that ovarian 
TNF may be hormonally regulated. Zolti et al. has 
shown that bioactive TNF increased in follicular fluid 
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of growing follicles from Day 3-20 of the bovine es- 
trous cycle (47). Whether this increase in TNF is hor- 
monally regulated is unknown but it is known that the 
growth of follicles is regulated by gonadotropins. Pos- 
sibly, increased blood flow to the growing follicles de- 
livers more macrophage-like cells that contain TNF 
bioactivity. Polan and her colleagues have shown that 
in vitro progesterone and estradiol reduced expression 
of TNF mRNA in peripheral blood monocytes taken 
during the luteal phase of the menstrual cycle (53). 

Effects of TNF on Ovarian Function 
Table I outlines the effects of TNF on the func- 

tional parameters of granulosa and theca cells, and 
preovulatory follicles. 

Immature rat. 
Granulosa cell. TNF inhibited FSH-stimulated 

aromatase activity in cultured granulosa cells from 
immature d iethylsti I bestrol (DES)-t reated rats (56). 
The inhibition was dependent on the dose of TNF 
(0.001-10 ng TNF/ml) which was in the range of the 
dissociation constant for TNF receptors in porcine 
granulosa cells (57). Time course studies of the ef- 
fects of TNF on FSH-stimulated aromatase activity 
indicated that TNF did not reduce aromatase activ- 
ity but it did prevent aromatase induction by FSH. 
Thus, existing aromatase activity in the cells was 
not altered by TNF. This is an important point since 
it could mean that as follicles grow and differenti- 
ate, TNF emanating from the oocyte loses its ability 

Table 1. TNF-Modulated Functional Parameters in 
Cultured Granulosa Cells, Theca Cells, and 

Preovu latory Fol I icles 

Differentiating granulosa 
1. Inhibition of FSH-stimulated: 

a. aromatase 
b. adenyl cyclase 
c. cAMP accumulation 
d. LH receptor 
e. progesterone and 20a-di hydroprogesterone 

accumulation 

Differentiating theca 

a. cAMP accumulation 
b. LH receptor 
c. progesterone and androstenedione 

d. hyd roxylase activity 

a. protein kinase A 
b. androstenedione 

a. clustering of cells in vitro 
b. protein kinase C 

prostaglandin F2a and E2 

2. Stimulation of 5a-pregnanediol 

1. Inhibition of LH-stimulated: 

accumulation 

2. Inhibition of CAMP-stimulated: 

3. Stimulation of: 

Preovulatory follicles 
1. Stimulation of progesterone, estradiol, and 

2. Inhibition of FSH-stimulated aromatase 

to suppress estrogen production only in granulosa 
cells furthest away from the oocyte (mural granu- 
losa). TNF also inhibited the induction of aro- 
matase induced by transforming growth factor-p 
(TGFP) and decreased progesterone accumulation 
induced by FSH and TGFp. These studies have 
been confirmed by Adashi’s laboratory (58), which 
reported that TNF inhibited FSH-induced aromatase 
in granulosa cells of the DES-treated rat. A minimum 
of 48 hr exposure to TNF was required to inhibit the 
FSH-induced aromatase. Those studies clearly 
showed that FSH-stimulated cAMP production was 
reduced by TNF. TNF did not inhibit FSH binding to 
the granulosa. Other factors such as PGE2 and vaso- 
active intestinal peptide, and the adenyl cyclase stim- 
ulator, choleragen increased production of cAMP 
that subsequently stimulated aromatase activity were 
also inhibited by TNF. TNF also inhibited forskolin 
induced accumulation of cAMP and thus, TNF re- 
duced adenylate cyclase activity. TNF at 1 ng/mI in- 
hibits within 24 hr the stimulatory action of FSH on 
formation of the LH receptor in vitro. The number of 
receptors per cell were reduced by TNF in vitro. The 
action of TNF was not due to its cytotoxicity since cell 
numbers were not altered by TNF. Darbon also con- 
firmed earlier reports that TNF inhibited FSH stimu- 
lated cAMP production (59). He reported that TNF 
could inhibit the effects of 8-Br-CAMP in stimulating 
LH receptor formation. Therefore, he concluded that 
TNF could act at a site distal to cAMP and at the level 
of adenylate cyclase as reported earlier. TNF inhib- 
ited FSH-stimulated progesterone (56, 58) and 20a- 
dihydroprogesterone accumulation in vitro (58). TNF 
stimulated the accumulation of 5a-pregnanediol (58). 
This indicated that TNF stimulated the Sa-reduction of 
progesterone and 20a-dihydroprogesterone. 

Luteinized granulosa cells. In vitro FSH caused 
granulosa cells to undergo steroidogenic and morpho- 
logic differentiation indicative of luteinization (60). 
Treatment of granulosa cells for 72 hr with FSH fol- 
lowed by hCG stimulates extensive luteinization and 
progesterone secretion. TNF inhibited the action of 
hCG in stimulating progesterone secretion by the 
luteinizing granulosa cells. 

Theca. In  vitro TNF inhibited dose-dependently 
LH-stimulated androsterone production by theca- 
interstitial cells (TIC) from ovaries of immature rats 
(60, 61). TNF’s inhibitory effect was within a physio- 
logical range of the Kd for the TNF receptor, reversed 
by removal of the TNF from the culture media, and its 
action was neutralized by an antiserum to TNF. TNF 
inhibited the production of the second messenger, 
CAMP. Interestingly, TNF induced the TIC to cluster. 
Clustering of the TIC occurred between 72 and 96 hr of 
culture and was dependent on the dose of TNF admin- 
istered in vitro (61). TIC also clustered in response to 
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epidermal growth factor (EGF) in vitro (62). The phys- 
iological relevance of such a discovery is un-  
known but may be related to the presence of immuno- 
reactive TNF in the oocyte. Possibly oocytic TNF acts 
as an organizing factor by attracting theca (and gran- 
ulosa) cells to the oocyte during early stages of follic- 
ular development. Thus, TNF’s action in modulating 
steroidogenesis may be timely to prevent the develop- 
ing follicle from responding prematurely to periodic 
high levels of gonadotropin. 

TNF has several distinct actions on TIC. TNF 
acutely inhibits LH-induced androgen and this is fol- 
lowed by clustering of the TIC in vitro. These two 
processes do not appear to be dependent on each other 
because inhibition of clustering using protein kinase C 
inhibitors does not prevent TNF from inhibiting ste- 
roidogenesis (62). Specific targets of TNF in modulat- 
ing steroidogenesis, shown in Figure 2, are through 
reduction of LH receptor number (not affinity) (63), 
reduction of LH-stimulated cAMP (63), reduction pro- 
tein kinase A activity (63), and inhibition of hydroxy- 
lase-lyase activity (64). Interestingly, phorbol esters 
mimic the effects of TNF on clustering and steroido- 
genesis, and TNF increases protein kinase C activity 
(62). TNF induced clustering by activation of EGF- 
related protein tyrosine kinase since inhibitors of the 
EGF-related kinase blocked clustering induced by 
TNF. TNF-induced protein kinase C activity was also 
blocked by those inhibitors; however, phorbol ester- 

Theca or granulosa cell 

Extracellular 
c1 a 

Cell membrane 
inhibits 8 

TNF,-m 2 I [ 

inhibits 
t 

Adenylyl cylcase 4- TNF 

cAMP reduced 

1 
1 inhibits 

PKA type I and I1 - TNF 

Steroidogenesis modulated 
Figure 2. Sites of TNF inhibition of thecal or granulosal cell 
steroidogenesis. TNF reduces the number of LH receptors. In 
addition, adenylyl cyclase is inhibited by TNF and cyclic aden- 
osine monophosphate (CAMP) levels decline. The activity of pro- 
tein kinase A is also reduced and this leads to a modulation in 
steroidogenesis by decrease in the activity and quantity of ste- 
roidogenic enzymes. 

induced clustering and protein kinase C activity was 
not blocked by the EGF-related kinase inhibitors (62). 
Thus, it was proposed that TNF activates EGF-related 
protein tyrosine kinase which subsequently activates 
protein kinase C and causes induction of TIC cluster- 
ing (Fig. 3). None of these inhibitors blocked TNF’s 
effects on inhibition of LH-stimulated androgen pro- 
duction by TIC (62). It may be possible that TNF in- 
duces the synthesis of EGF or a related molecule such 
as TGFa in theca; the EGF related molecules then 
mediate clustering. 

Adult Rat. In vitro TNF increased progesterone 
production by whole preovulatory rat follicles taken 
on the morning of proestrus (65,66); the follicles were 
cultured in 5% CO, in air (low 02). At low doses, TNF 
inhibited androstenedione accumulation but at higher 
doses it was stimulated. Estradiol accumulation was 
not altered by TNF during the 24-hr incubation, but 
when compared with another study the basal estradiol 
production was very low (67). The histology of the 
follicles revealed that atresia had occurred within the 
24-hr culture period; this was evidenced by apoptotic 
granulosa cells. Thus, the effects of TNF were actually 
on follicles that were undergoing atresia in vitro. 
Therefore, the oxygen concentration was increased to 
95% in an attempt to prevent follicular atresia in vitro. 
The 95% O2 preserved the appearance of healthy fol- 

2 2  
E E  k k  

Extracellular 

cell membrane 

h t l  1 1 Intracellular 

/ -\ 
EGF related PTK non EGF FTK 

\ /  pr 
theca cell clustering 

Figure 3. Potential mechanism of tumor necrosis factor-a (TNF) 
induction of theca cell clustering in vitro. It is postulated that 
TNF uses either the type 1 and/or type 2 receptors in the activa- 
tion of an epidermal growth factor (EGF) receptor related and/or 
non-related protein tyrosine kinase (PTK). The PTKs would then 
activate protein kinase C which through some unknown mech- 
anism induces thecal cell clustering. 
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licles based on the absence of apoptotic granulosa cells 
at 24 hr of culture and estradiol accumulation in- 
creased significantly in response to TNF in vitro. Sep- 
aration of follicle into theca and granulosa revealed 
that theca was the major target of TNF in this model 
since progesterone from theca could account for the 
increased progesterone observed in the intact healthy 
and atretic follicles. Since TNF did not alter the his- 
tology of the follicles in vitro, it is unlikely that TNF 
causes atresia under these conditions. 

In vitro TNF slightly inhibited basal progesterone 
accumulation in granulosa cells from adult preovula- 
tory follicles. TNF also inhibited FSH-stimulated pro- 
gesterone accumulation in vitro. Therefore, TNF stim- 
ulated thecal progesterone accumulation in the pre- 
ovulatory follicle of the adult cyclic rat but inhibited 
granulosa cell progesterone accumulation, actions 
which are opposing within the preovulatory follicle. 

Studies using whole preovulatory follicles from 
equine chorionic gonadotropin (eCG)-treated imma- 
ture rats have observed that TNF stimulated the syn- 
thesis of PGE,, PGF2,, prostacyclin, and progesterone 
(68). Although no inhibitory effect of TNF was ob- 
served on basal progesterone by isolated granulosa 
cells as described above, it was confirmed that TNF 
could stimulate progesterone by isolated theca (68). 
Interestingly, the increase in progesterone accumula- 
tion induced by TNF was not dependent on the syn- 
thesis of prostaglandins since indomethacin did not 
block TNF induction of progesterone accumulation 
(68). Shakil and Whitehead, using granulosa cells from 
adult preovulatory follicles, did not observe an effect 
of TNF on LH-stimulated progesterone secretion (69). 

Pig. Three reports have recently been published 
describing the effects of TNF on ovarian cell function 
in the pig (57, 70, 71). The initial report by Veldhuis er 
al. (57) described an inhibitory effect of TNF on FSH 
and insulin stimulated progesterone accumulation by 
granulosa cells taken from immature ovaries. TNF’s 
inhibitory action was directed at the level of adenyl 
cyclase since cAMP levels were reduced by TNF in 
the presence of gonadotropin; in addition, TNF appar- 
ently acted a sites distal to the synthesis of cAMP 
since addition of cAMP analogs in the presence of 
TNF also reduced steroidogenesis. The inhibitory ac- 
tion of TNF was also evident on P45Oscc mRNA. 
However, TNF stimulated PGE, and PGF,,. Tek- 
petey e t  al. reported that TNF inhibited LH- 
stimulated thecal progesterone accumulation from me- 
dium-sized prepubertal gilt follicles (70). 

Using pig corpora lutea from Day 3-10 of the cy- 
cle, Pitzel et al. have shown that TNF is quite inhibi- 
tory to hCG stimulated progesterone and estradio! ac- 
tion (71). Interestingly, Tekpety using pig corpora 
lutea from Day 10-14 of the cycle did not observe any 
effect of TNF on small and large luteal cells. Collec- 

tively, these studies indicate the possibility that cor- 
pora lutea may lose sensitivity to TNF as it ap- 
proaches luteal regression. However, further studies 
are needed to clarify this issue. 

Cow. TNF has significant effects on luteal cells of 
the cow during the luteal phase on Day 9-12 (72). TNF 
induced dose dependently an increase in PGF,, and 
6-keto-PGF,, accumulation without altering accumu- 
lation of progesterone; although progesterone slightly 
decreased with 100 ng TNF/ml. y-interferon, which 
upregulates TNF receptors, had no effect on luteal 
prostaglandin and progesterone accumulation; how- 
ever, a-interferon reduced accumulation of PGF,, in- 
duced by TNF. Interleukin-1P increased PGF2,, and 
in combination with TNF synergistically increased 
PG F,, . 

Human. There are several reports describing the 
effects of TNF on human ovarian cells (47, 73-79). 
Thus far, only luteinized granulosa cells have been 
studied. TNF induced an increase in PGF,, and PGE, 
in media of granulosa-luteal cells (77) and also caused 
the cells to proliferate (79). Interestingly, TNF in- 
duced significant increases in granulosa-luteal cell es- 
tradiol secretion after 4-6 days of culture (79). Proges- 
terone accumulation in the media of TNF-treated gran- 
ulosa luteal cells was higher than controls; however, 
when values were adjusted as progesterone accumu- 
lation per cell there was no significant increase by 
TNF treatment (79). When hCG was combined with 
TNF in vitro progesterone secretion was higher than 
with each treatment alone (73). Further investigations 
revealed that TNF increased hCG binding on Day 10 
of culture. Thus, it appeared that TNF synergized with 
hCG by increasing the number of hCG binding sites. 
Scatchard analysis will be needed to determine if the 
increased hCG binding was due to increased number 
of binding sites per cell or increased affinity of hCG for 
its receptor on the cells. In addition, since TNF in- 
creased the number of cells in vitro, the data should be 
expressed per cell to exclude the possibility that the 
increased hCG binding was not due to an increase in 
cell number. TNF has also been shown to increase 
prolactin-stimulated progesterone production by hu- 
man granulosa luteal cells (74). 

The effects of interferon-a and -y and TNF on 
progesterone and estradiol production by human luteal 
cells and granulosa-luteal cells have been investigated 
(75, 78). Although a-interferon had no effect on pro- 
gesterone secretion in vitro, y-interferon dose-depen- 
dently inhibited progesterone secretion. TNF in com- 
bination with y-interferon further suppressed proges- 
terone production, whereas TNF alone had no signif- 
icant effect. These treatments did not affect estradiol 
secretion. These studies indicate that TNF, in concert 
with y-interferon may have a role in the demise of the 
corpus luteum. 
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Potential Functions of Ovarian TNF 

Growth Regulation. TNF’s original identified 
role in cell and tissue growth was to induce necrosis of 
tumors (80). Since TNF could induce apoptosis in tu- 
mors a role in luteolysis and follicular atresia appeared 
likely. In contrast, studies using divergent cell lineages 
indicated that TNF promoted growth (81-86). Thus, it 
appears that this multifunctional cytokine stimulates 
and inhibits growth of cells. 

In vitro TNF had a cytotoxic effect on bovine 
luteal cells (72). TNF and y-interferon each alone in 
vitro, did not alter the number of luteal cells. In com- 
bination, TNF and y-interferon, reduced luteal cell 
numbers by -80%. An effect of y-interferon on human 
luteal cells growth in vitro was not observed and its 
effects in combination with TNF were not studied (78). 
In contrast, studies have reported that TNF stimulated 
human granulosa-luteal cell division in vitro (77, 79). 
Granulosa-luteal cells were collected from women un- 
dergoing IVF. TNF (0.1-10 ng TNF/ml) increased in 
cell number in a dose dependent manner (79). Studies 
using serum free cultures of granulosa and theca cells 
from immature rats have not observed effects of TNF 
on cell number, DNA content, plating efficiency and 
viability (58, 59, 61, 79, 87). Thus, it appears that es- 
tablished luteal cells are sensitive to the cytolytic ac- 
tions of TNF only when combined with y-interferon, 
whereas cells in the beginning stages of luteal forma- 
tion proliferate in response to TNF in vitro. 

TNF effects on several epithelial ovarian cancer 
cell lines have been tested in vitro (82, 83, 88). Some 
are inhibited and others are stimulated by TNF. TNF 
and y-interferon, each alone, stimulated growth of 
Caov-3 cells at 24 hr and had no effect on two other 
ovarian cell lines (SK-OV-3 and N1H:OVCAR 3). The 
two cytokines, in combination, did not have a syner- 
gistic effect on proliferation of the Caov-3 cells; how- 
ever, the combined treatment reduced growth of the 
SK-OV-3 cells. By 72 hr, TNF increased the number 
of Caov-3 and N1H:OVCAR-3 cells; but the combina- 
tion of y-interferon and TNF inhibited their growth. 
Low doses of these two cytokines stimulated growth, 
whereas high doses, in combination, reduced growth. 
TNF stimulation of growth of other epithelial ovarian 
cancer cell lines has been reported (88, 89). Interleu- 
kin-1 p induced proliferation of epithelial ovarian can- 
cer cells by increasing expression of TNF. An anti- 
body to TNF, given simultaneously with interleukin- 
Ip prevented induction of proliferation. Thus, TNF 
was implicated as a promoter of epithelial ovarian can- 
cer (88). Malik and Balkwill reported that ovarian can- 
cer may be a cytokine propelled disease (90), since 
TNF is present in the ovary. 

The divergent effects of TNF on ovarian cells in- 
dicates that further studies are needed to delineate 

specific roles in follicular and luteal development. Our 
hypothesis regarding their roles are given below. 

Follicular development. The presence of immu- 
noreactive TNF in the ooplasm of the rat and mouse, 
coupled with the observation that TNF induced clus- 
tering of rat theca-interstitial cells in vitro provides a 
firm basis for the hypothesis that TNF emanating from 
the oocyte may be an organizing factor that partici- 
pates in follicular development. Oocytic TNF, acting 
as a chemoattractant may signal pregranulosa and the- 
ca cells to migrate and cluster around the oocyte. Cur- 
rently, only granulosa cells exhibit TNF receptor (57) 
(to our knowledge, no one has tested theca cells for 
specific TNF binding). Effects of TNF, in the range of 
0.1-10 ng/ml, on theca-interstitial cells indicate that 
TNF receptors are present since these concentrations 
of TNF elicit physiological responses and are with the 
range of the Kd observed on the granulosa cells. TNF 
has two receptors, type I and type 11, which have dif- 
ferent molecular masses and different signal transduc- 
tion systems (23). Possibly, the type I receptor medi- 
ates inhibitory effects of TNF such as inhibition of 
gonadotropin-stimulated steroidogenesis, inhibition of 
cellular growth and induction of cytolysis. The type I1 
TNF receptor may mediate stimulatory effects such as 
cell proliferation and migration. Antisense oligodeox- 
ynucleotides to the TNF receptors and TNF receptor 
antibodies might be useful tools in elucidating these 
roles. If TNF is synthesized by oocytes and there are 
receptors present on the nearby ovarian cells, then 
blockers of TNF synthesis such as pentoxyfylline (91), 
a phosphodiesterase inhibitor, might serve as useful 
tools in the study of TNF’s role in follicle develop- 
ment. If TNF is present in human oocytes, it might 
serve as a target for future contraceptive development. 

TNF emanating from oocytes and/or macrophages 
may have a modulatory role in the regulation of ste- 
roidogenesis by granulosa and theca cells; this is evi- 
dent since TNF inhibits gonadotropin-stimulated an- 
drogen production by theca and aromatase in granulo- 
sa cells. In addition, TNF may regulate development 
of follicles. It would appear that the inhibitory action 
of TNF must be abrogated so that follicles can enter 
the growing pool. During early stages of follicular de- 
velopment, oocytic TNF would diffuse to nearby gran- 
ulosa cells and thecal cells and modulate their func- 
tions as the follicle grows. It is possible that granulosa 
cells furthest away from the oocyte would escape 
TNF’s modulatory actions by diffusion. Cumulus 
granulosa cells, closest to the oocyte, exhibit reduced 
steroidogenic capacity when compared with mural 
granulosa (92-95). Thus, it is possible that TNF im- 
parts the cumulus phenotype to these cells (i.e., low 
aromatase, low hCG(LH) binding, and low steroido- 
genic potential). The function of the cumulus pheno- 
type, as a result of oocytic TNF, might be to protect 
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the oocyte from elevated estrogen. A previous study 
has shown that delayed ovulation, which results in 
prolonged exposure of the oocyte to estrogen, in- 
creases anomalies associated with the oocyte (96). In 
fact, it was clearly shown that antiestrogens could pre- 
vent these developmental changes in the oocyte and 
the effects of the antiestrogens could be reversed by 
diethylstilbestrol, a potent estrogen (97). 

TNF inhibits aromatase activity of granulosa cells 
and reduces estradiol that is necessary for follicular 
development in rats. In rats, estrogen and FSH syn- 
ergize in regulation of follicular development by stim- 
ulating LH receptor formation and granulosa cell divi- 
sion (98). Thus, TNF during early stages of follicular 
growth could regulate follicle entry into the growing 
pool by modulating gonadotropin action. TNF would 
also retard follicles from producing androgen, which is 
known to be highly atretogenic. Exposure of the folli- 
cle to excessive TNF during its growth phase may also 
induce atresia by inhibition of granulosa aromatase 
(56, 58) and theca hydroxyl-lyase (64). 

Luted development. Macrophages, paraluteal 
cells, and granulosa-luteal cells are potential sources 
of TNF in the corpus luteum. Macrophages are major 
sources of TNF in later stages of the luteal life span 
(44,45,99). TNF may have two roles dependent on the 
phase of luteal development. The first phase is the 
developmental phase of the corpus luteum and the 
other is regressive phase of the corpus luteum. Mac- 
rophages were originally proposed to be luteotropic 
since progesterone accumulation increased in media 
when they were in contact with mouse and human 
luteal cells in vitro (100-102). Since macrophages con- 
tain TNF, it may be one of the factors that mediated 
the luteotropic effect. TNF increases total progester- 
one accumulation (79), hCG binding (103), and prolif- 
eration in human GL cells (77, 79), all of which in- 
crease during early luteal development. Therefore, it 
seems plausible to hypothesize that luteal macro- 
phages and other sources of TNF may have a role in 
stimulating luteal development during the early phase. 

Macrophages are present in the later phases of the 
life span of the corpus luteum, and the secretion of 
TNF by these macrophages could stimulate release of 
luteal prostaglandins (especially PGF,,) that induce 
luteal regression. TNF might inhibit the responsive- 
ness of the corpus luteum to LH. Several studies have 
shown that TNF can inhibit the response of luteinized 
granulosa cells to gonadotropin in vitro (60, 78) and 
this effect of TNF is apparently mediated by inhibition 
of adenyl cyclase. Thus, it seems plausible to hypoth- 
esize that TNF could initiate luteal regression by inhi- 
bition of adenyl cyclase. TNF in corpora lutea can be 
released by LPS treatment in vitro (44, 45). There is 
significant correlation between the number of macro- 
phages in the corpora lutea and the amount of TNF 

released (44, 45). Physiologic regulation of TNF pro- 
duction by the corpus luteum requires further investi- 
gation. TNF inhibits hCG(LH)-stimulated progester- 
one secretion in vitro in luteinized cells of rats, cows, 
and humans (60,72, 104). An increase in the number of 
TNF receptors or a sudden release of TNF might in- 
hibit the luteotropic action of LH and induce luteal 
regression. It is well known that TNF stimulates the 
release of PGF,, in vitro (47, 72, 77) and that PGF,, is 
luteolytic in rats, cows, and humans (105). In sheep, 
changes in TNF mRNA were not detected in the cor- 
pus luteum during PGF,,-induced luteal regression. 
Nevertheless, TNF bioactivity was detected after pro- 
gesterone secretion declined indicating that TNF may 
have a role in the later stages of luteal regression such 
as removal of degenerating luteal cells and debris (46). 

TNF and TNF-R in Oviduct and 
Preimplantation Embryos 

TNF mRNA and protein are abundant in murid 
oviduct. In the mouse, analysis of mRNA by reverse 
transcriptase polymerase chain reaction (RT-PCR) fol- 
lowed by Southern blot hybridization has identified 
specific mRNA in all samples that have been tested to 
date (106, 107). In situ hybridization studies have re- 
vealed that at least three types of oviductal cells con- 
tribute TNF mRNA: luminal epithelial cells, stromal 
cells, and smooth muscle cells (107). As shown in Fig- 
ure 4, cellular distribution of TNF mRNA (Chen H-L, 
Hunt JS, unpublished data) and protein (Terranova 
PF, unpublished data) in rat oviduct are very similar to 
those in the mouse. 

As discussed above, mouse and rat oocytes con- 
tain TNF mRNA and protein (17, 18). Yet no TNF 
mRNA is detectable in mouse two cell, four cell, 
morula, or blastocyst stages of preimplantation em- 
bryos by RT-PCR (107). Although this suggests that 
oocyte TNF mRNA might originate in maternal cells, 
no experiments have been done to prove or disprove 
this idea. In the mouse oviduct, maternal TNF signals 
might target to the fertilized egg. Pampfer et al. have 
shown that TNF-RI but not TNF-RII are present on 
mouse preimplantation embryos ( 108). Mouse troph- 
ectoderm appears impervious to the lytic effects of 
recombinant TNF and seems to protect the inner cell 
mass, which is sensitive to cytolysis. Whether or not 
TNF binding has any subtle effect on trophectoderm 
function remains to be seen. 

Human preimplantation embryos may differ from 
mouse; TNF is readily identified in the culture medium 
of fertilized human eggs (54, 109). Zolti and coworkers 
noted that TNF first appears at the six to eight cell 
stage. The possibility that the cytokine was contrib- 
uted by maternal corona radiata cells was eliminated. 
They reported low TNF concentrations, 2 to 3 U/ml, in 
standard L929 cytotoxicity assays (54). 
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Figure 4. TNF mRNA and protein in rat oviduct. (a) TNF mRNA 
hybridization signals are prominent in the epithelial cells lining 
the lumen of an oviduct from a mature outbred rat. TNF mRNA 
was detect with a digoxigenin-labeled TNF cRNA probe using 
the method described by Chen et a/. (17). The inset shows TNF 
protein in oviductal epithelial cells identified by immunohisto- 
chemistry. (b) A semiserial section of the rat oviduct hybridized 
with the sense version of the TNF cRNA does not demonstrate 
hybridization signals. The inset shows the control for the TNF 
immunostain, normal goat IgG, which was negative. Original 
magnifications: (a) and (b) x200; insets, x400. 

Although systematic experimentation to establish 
regulatory mechanisms for TNF gene expression in 
various types of oviductal cells has not been done, 
preliminary observations suggest that progesterone 
may promote TNF gene expression in mouse oviduct. 
The model used to study oviduct infection by Chaly- 
midia requires that cycling animals be pretreated with 
the hormone. TNF mRNA and protein signals are no- 
tably more intense in the oviductal epithelial cells of 
progesterone-supplemented than untreated animals 
(McCallum R, Chen H-L, and Hunt JS, unreported 
data). This is not without precedent; although the es- 
trous cycle does not influence steady state levels of 
TNF mRNA in mouse ovary, both progesterone and 
estrogens regulate expression of the TNF gene in hu- 
man and mouse uterus (1 10, l l  I), as discussed below. 

Consistent with a role for TNF in inflammation, 
deliberate infection of mouse oviduct results in mark- 
edly increased levels of TNF mRNA and protein in 
macrophage-like cells, which inhabit the oviduct 
stroma as well as the connective tissue that encases 
bundles of smooth muscle (1 12). 

An absence of CSF-1 appears to have no effect on 
TNF gene expression in the oviduct. In situ hybridiza- 
tion analysis of TNF mRNA in the oviducts of osteo- 
petrotic (oplop) mice, which have a defect in their col- 
ony-stimulating factor-1 gene (1 13), failed to identify 
any differences from TNF mRNA patterns in the ovi- 
ducts of heterozygous ( + / o p )  mice, which have nor- 
mal CSF-1 levels (107). TNF mRNA and protein are 
also distributed normally in the ovaries of oplop mice 
(Hunt JS , Pollard J W, unreported data). 

TNF and TNF-R in Cycling Uterus 
Yelavarthi et al. were the first to report that non- 

macrophages in the female reproductive tract tran- 
scribe and translate the TNF gene (1 14). TNF mRNA 
and protein were localized to the luminal epithelial 
cells of cycling rat uterus by in situ hybridization and 

immunocytochemistry. Subsequently, uterine cell ex- 
pression of the TNF gene was studied systematically 
through the human menstrual cycle (1 10) and mouse 
estrous cycle (107, 11 1). As in the rat, TNF mRNA 
and immunoreactive TNF were present in endometrial 
luminal and glandular epithelial cells. TNF gene prod- 
ucts were also identified in endometrial stromal cells, 
which include a large complement of macrophages 
(115), and smooth muscle cells comprising the myo- 
metrium. 

Steady state levels of TNF mRNA vary in the en- 
dometrium during human and mouse cycles. In the 
28-day human menstrual cycle, a biphasic pattern is 
seen (1 10). TNF in situ hybridization signals in endo- 
metrial epithelial and stromal cells are gradually ele- 
vated during the estrogen-driven proliferative phase. 
Signals decrease at early secretory phase then rise to 
high intensities at mid to late secretory stages. In the 4- 
to 4-day mouse estrous cycle, TNF mRNA is unde- 
tectable through the proestrous, estrous, and di- 
estrous-I phases, whereas signals are intense in endo- 
metrial epithelial and stromal cells at diestrous-11 
(1 11). Thus, a common feature in the two species is the 
propensity of estrogen-primed, progesterone-exposed 
endometrial cells to express high levels of TNF 
message. 

Northern blot hybridization has also been used to 
identify TNF mRNA in cycling uteri. Philippeaux and 
Piguet verified the presence of TNF mRNA in human 
secretory phase endometria (116), and De et al. re- 
ported strong TNF signals in mouse diestrous mRNA 
(117). Even though the latter results are similar to 
those we obtained by in situ hybridization (1 1 l),  it is 
not altogether certain that De et al. identified authentic 
TNF. In their study, TNF mRNA is shown at 1.1 kb, 
whereas mouse TNF message is universally reported 
at 1.9 to 2.2 kb. 

Not all investigators have identified TNF in the 
mouse uterus. For example, Giroir et al. failed to ob- 
serve constitutive chloramphenicol transferase (CAT) 
activity in the uteri of mice transgenic for a TNF pro- 
moter-CAT construct (1 18). However, the mice were 
unselected for stage of the estrous cycle and the en- 
hancer-promoter sequence used for the CAT con- 
structs (119) might not have included all of the ele- 
ments required for tissue or cell lineage-specific ex- 
pression. Enzyme immunoassays conducted by 
Robertson et al. did not identify TNF production by 
cultured mouse epithelial cells (120). Possibly, in ad- 
dition to having missed the stage of the estrous cycle 
during which TNF is produced, their assay system was 
not sufficiently sensitive. Our experience is that non- 
macrophages produce very little TNF. For example, 
the cell lysates and supernatant medium of human cho- 
riocarcinoma cells contain only 5 to 15 pg/ml of TNF 
after 48 hr of culture (121). 
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TNF-RI and TNF-RII proteins vary markedly dur- 
ing the menstrual cycle (Chen H-L, Hunt JS, unre- 
ported data). TNF-RI are nearly undetectable in pro- 
liferative and early secretory phase endometria, then 
are dramatically elevated at mid to late secretory 
stages. By contrast, TNF-RII demonstrates two 
peaks, one at mid to late proliferative phases and a 
second from mid to late secretory phases. Northern 
blot and in situ hybridization studies indicate that cy- 
clic fluctuations are also characteristic of TNF-RI 
mRNA in mouse endometrium (Roby KF, Hunt JS, 
manuscript in preparation). 

Gene Regulation in Cycling Uterus 
Cycle-associated fluctuations in uterine TNF and 

TNF-R gene expression strongly suggest that female 
sex steroid hormones regulate these genes. In situ hy- 
bridization studies done that employed classical ova- 
riectomy and hormone reconstitution protocols in 
mice have now shown definitively that this is indeed 
the case for TNF (111). TNF mRNA cannot be de- 
tected in the uteri of ovariectomized mice by either 
northern blot or in situ hybridization. Subsequent ad- 
ministration of 17P-estradiol (E2) stimulates two 
waves of TNF message, with the first occurring only 1 
hr post-treatment and the second being delayed until 
72 hr post-treatment. By contrast, signals following 
treatment with progesterone and progesterone + E2 
are highest at 24 hr. Thus, each of the two hormones 
has a distinct temporal profile for TNF stimulation. It 
is not as yet known whether the higher intensity sig- 
nals result from increased rate of transcription or en- 
hanced stability of the messages. Protein levels, as- 
sessed by the intensity of TNF immunostains, closely 
parallel message levels. 

Evidence for hormonal regulation of TNF-RI has 
also been accumulated. Immunohistochemical stains 
of human cycling endometrium suggest that while re- 
ceptor expression might be upregulated by progester- 
one alone, maximum expression is likely to require 
estrogen stimulation followed by progesterone target- 
ing (Chen H-L, Hunt JS, unreported data). Prelimi- 
nary northern blot hybridization studies done in the 
ovariectomized, hormone-restored mouse model 
strongly support this idea (Roby KF, Hunt JS, unre- 
ported data). Less information is available regarding 
potential hormonal regulation of TNF-RII. Data ac- 
quired by testing cycling human endometria suggest 
that estrogens may be the primary if not the sole reg- 
ulator, but no studies have been done as yet in the 
mouse. 

Putative regulation of the TNF and TNF-R genes 
by female sex steroid hormones may or may not reflect 
direct binding of hormone/receptor complexes to es- 
trogen response elements (ERE) or progesterone re- 
sponse elements (PRE) in regulatory regions of the 

TNFITNF-R genes. It is equally feasible that hor- 
mones stimulate other growth factors or products of 
arachidonate metabolism which then up- or downreg- 
ulate expression of the TNF and/or TNF-R genes. 
Synthesis of many uterine growth factors is governed 
by ovarian hormones (3, 4, 7). However, the immedi- 
ate effect of E2 on TNF mRNA and protein, men- 
tioned above, argues against the regulatory pathway 
being exclusively indirect as does our lack of evidence 
for modulation of TNF gene expression by CSF-1 
(107). Another possibility that should not be over- 
looked is that TNF regulates its own receptors by in- 
ternalization or shedding ( 122). 

In addition to hormones, infection with gram- 
negative bacteria will elevate uterine TNF. Uterine 
CAT activity is high in mice stimulated with LPS 
(1 18), the active component of gram-negative bacterial 
cell walls. This result is not surprising given the fact 
that the uterus contains many macrophages (115), a 
cell type that responds dramatically to LPS with in- 
creased TNF production. 

Interleukin-10 (IL-10) has been reported as a ma- 
jor cytokine in pregnant mouse uterus (123). It is there- 
fore of considerable interest that TNF induces IL-10 in 
human blood monocytes (124). Because IL-10 de- 
creases TNF synthesis, a pathway seems to have de- 
veloped by which TNF stimulates its own negative 
feedback signal. 

Tumorigenic transformation is a third condition 
that appears to influence uterine cell expression of the 
TNF gene. While TNF in situ hybridization signals are 
low in benign lesions of the human endometrium such 
as polyps and cysts, endometrial adenocarcinoma cells 
contain TNF mRNA (125, 126). Of potential impor- 
tance, in situ hybridization signal intensity is markedly 
elevated in highly malignant adenocarcinoma cells and 
mixed Mullerian tumor cells in comparison with sig- 
nals in low grade tumors. There is as yet no informa- 
tion as to how the uterine tumor cells might use their 
TNF. However, choriocarcinoma cells derived from 
trophoblastic tumors also transcribe the TNF gene, 
and these cells use TNF as an autocrine growth factor 
via their TNF-RI (121). 

Potential Functions of TNF in Cycling Uterus 
TNF is a multifunctional cytokine whose effects 

are known to be regulated by cell lineage, proportional 
display of individual receptor species, and ligand con- 
centration. All of these conditions could contribute to 
TNF regulation of the cell cycle. Based on the results 
of studies done on cycling human endometrium, Hunt 
(106) proposed a model wherein low concentrations of 
estrogen-stimulated TNF during the early (prolifera- 
tive) phases of the menstrual cycle promotes DNA 
synthesis in endometrial epithelial and stromal cells, 
then higher levels of TNF produced by endometrial 
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cells targeted by estrogen plus progesterone culminate 
in cytolysis and menstruation. 

The collection of new data on cycling endometria 
(Chen H-L, Hunt JS, unreported data) suggests a sim- 
ilar but more complex pathway involving differential 
expression of TNF-R. Expression of TNF-RII in com- 
bination with TNF may promote the proliferative 
phase and high expression of both TNF-RI and TNF- 
RII in combination with TNF may facilitate cell lysis. 
This model is consistent with studies showing that 
TNF-RII but not TNF-RI signals proliferation and that 
both TNF-RI and TNF-RII can participate in cytoly- 
sis, as mentioned above. 

Modulation of cell growth and viability is unlikely 
to be the only function of TNF in cycling uteri. Recent 
studies done on isolated human endometrial cells sug- 
gest that TNF influences migration of leukocytes into 
the endometrium as well as endometrial cell apoptosis 
(127, 128). While an attractive concept, there is as yet 
no evidence that TNF influences uterine angiogenesis, 
a requirement for postmenstrual repair and restoration 
of the endometrium. 

TNF and TNF-R in Pregnant Uterus 
Expression of the TNF gene in pregnant mamma- 

lian uteri has been evaluated by using both in situ hy- 
bridization and immunocytochemistry . These studies 
have shown clearly that elevation of TNF in uterine 
epithelial cells occurs immediately following implanta- 
tion in mice and rats (107, 114). Subsequently, TNF 
mRNA and protein are demonstrable in primary de- 
cidual cells. Decidual cells in first trimester human 
tissues also contain TNF gene products (129). As ges- 
tation progresses in rats and mice, decidual cell signals 
gradually decrease but at gestation day (g.d.) 15 in the 
rat and g.d. 14 in mice, TNF mRNA is again elevated 
in the uterine luminal epithelium. 

During most of pregnancy, macrophage-like cells, 
which are major inhabitants of the undecidualized en- 
dometrium and myometrial connective tissue in rats 
and mice, contain considerable TNF mRNA but less 
protein than might be expected (107, 114). However, 
TNF mRNA and protein are prominent in human mac- 
rophage-like cells associated with term placentas and 
extraplacental membranes (129, 130). Natural killer 
(NK)-like cells that mature in mouse and rat decidua 
and metrial gland during pregnancy contain TNF 
mRNA and protein (Parr EL et al., submitted; Chen 
H-L, Hunt JS, unreported data). Cytoplasmic TNF is 
gradually packaged into the prominent granules that 
characterize these cells in the mouse (Parr EL et al . ,  
submitted). 

TNF-R have not as yet been identified in pregnant 
human uterus. Northern blot hybridization studies 
done in mice have shown that both species of recep- 
tors fluctuate in predictable patterns as pregnancy pro- 

gresses to term (Roby KF, Laham N,  Hunt JS, manu- 
script in preparation). Analysis by in situ hybridization 
suggests that TNF-RI are particularly prominent in ep- 
ithelia and undecidualized endometrial stromal cells. 

Gene Regulation in Pregnant Uterus 
It is abundantly clear that expression of the TNF 

gene in the uterus is carefully orchestrated during 
pregnancy, but how this might be accomplished is not 
known. Ovarian steroidal hormones are likely regula- 
tors, but this is a very difficult premise to test because 
pregnancy cannot be sustained in hormone-free ani- 
mals. Similar problems arise when attempting to de- 
sign experiments that could identify regulation by 
products of arachidonic acid metabolism; the addition 
of an inhibitor of the cyclooxygenase pathway, in- 
domethacin, to the drinking water of mice induces 
abortion (131). 

Growth factors that could regulate uterine TNF 
include CSF-I. Yet no differences are detectable be- 
tween TNF gene expression in the epithelial and de- 
cidual cells of CSF-1-less oplop mice and their normal 
counterparts, + /op mice (107). The techniques that 
were used, in situ hybridization and immunocyto- 
chemistry, have the power to locate major changes in 
specific lineages of cells but cannot identify subtle 
alterations. 

It has long been known that exogenous adminis- 
tration of TNF to pregnant animals causes abortion. 
Moreover, TNF levels are markedly elevated in the 
amniotic fluid of women whose membranes are in- 
fected with gram-negative organisms, a condition that 
is strongly associated with preterm labor (132). Casey 
et al. (133) showed that decidual cells, presumably ma- 
ternal macrophages, produce TNF in response to LPS. 
Thus, activation of these cells by LPS may be the 
ultimate cause of infection-related pregnancy termina- 
tion. While considerable emphasis has been on the 
pathological consequences of elevated TNF, deficien- 
cies in levels of this growth factor might also result in 
pregnancy loss. Tartakovsky and Ben-Yair have re- 
ported that certain conditions leading to infertility in a 
mouse model can be overcome by administration of 
TNF (134). 

Potential Functions of TNF in the 
Pregnant Uterus 

The identification of TNF mRNA and protein as 
well as TNF-R in pregnant uteri suggests that this po- 
tent cytokine may perform some of the same functions 
postulated for TNF during the cycle. For example, 
TNF could participate in endometrial cell growth and 
differentiation, in angiogenesis, and in the tissue re- 
modeling that is required to accommodate the growing 
embryo. While each of these possibilities is fully de- 
serving of investigation, our current efforts are fo- 
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cused on maternal communication networks with the 
fetal placenta, as illustrated in Figure 5. This working 
model is based on the absence of TNF and mRNA in 
preimplantation embryos and proposes that hormon- 
ally regulated uterine TNF targets to trophoblast cells 
of the implanted blastocyst. We suggest that maternal 
TNF is essential to trophoblast cell growth and differ- 
entiation during the initial stages of pregnancy when 
embryo-derived TNF may be insufficient. 

Later in gestation, TNF might be used by mature 
uterine NK-like cells to prevent stray trophoblast cells 
from overwhelming maternal tissues (Parr EL et al., 
submitted). High production of TNF by maternal rnac- 
rophages has been proposed to facilitate parturition 
(129, 130). 

TNF and TNF-R in Placentas 
TNF gene products are abundant in rat, human, 

and mouse placental cells (106). During early human 
gestation, specific message and protein are found in 
both fully differentiated syncytiotrophoblast (129, 135) 
and proliferating extravillous cytotrophoblast cells 
(121). Later in human pregnancy, TNF mRNA is more 
prominent in placental stromal cells, presumably rnac- 
rophages, than in syncytiotrophoblast (129). TNF gene 
products also appear in a predictable order during 
mouse and rat gestation, with giant cells, a differenti- 
ated subpopulation, being the initial location of tran- 
scripts and proteins. The use of TNF promoter-CAT 
constructs has verified the presence of TNF in mouse 
placentas (1 18). Consistent with the findings by in situ 
hybridization, enzyme activity became measurable be- 
tween Days 10 and 13 of pregnancy, peaked at Day 16, 
and was maintained at high levels until parturition. 

The TNF gene is also transcribed and translated in 
trophoblast cell lines. It has been shown that two hu- 

Neuroendocrine 

J 
Steroid Hormones 

ENDOMETRIUM TROPHOBLAST 
Figure 5. Cartoon showing two potential functions for TNF from 
hormonally stimulated endometrial cells. In the absence of preg- 
nancy, TNF levels may rise and lead to endometrial cell death 
and shedding (menstruation). When implantation occurs, TNF 
may target to invading trophoblast cells, stimulating their pro- 
liferation and differentiation. Trophoblast cells themselves con- 
tribute to the pool of TNF. 

man trophoblast-derived choriocarcinoma cell lines, 
Jar and JEG-3, produce low levels of TNF, as men- 
tioned above (121), and Kohchi et al. have shown low 
levels of TNF mRNA molecules in a mouse tropho- 
blast cell line (PL/B6) by RT-PCR (136). In both stud- 
ies, macrophage cell lines were tested in the same ex- 
periments. The trophoblast cell lines contained mark- 
ed ly  less  T N F  pro te in  and  mRNA t h a n  t h e  
macrophages. While it seems likely that nonmacro- 
phages are also low producers in vivo, there is as yet 
no proof that this is the case. 

As with the ligand, expression of TNF-R in pla- 
centas varies during gestation (137). In human placen- 
tas, TNF-RI mRNA and protein are present in essen- 
tially all types of cells and levels of the TNF gene 
products appear to increase as gestation progresses to 
term. By contrast, TNF-RII mRNA is restricted to 
trophoblast in early pregnancy, then shifts to placental 
mesenchymal cells at later stages. Studies in mice sup- 
port the concept of constitutive, comparatively stable 
expression of TNF-RI harnessed to fluctuating expres- 
sion of TNF-RII (Roby KF,  Hunt JS, unreported 
data). 

Multiple functions have been proposed for placen- 
tal TNF. These include facilitation of differentiation, 
as appears to be the case with macrophages (138). Re- 
cent studies in our laboratory have shown that differ- 
entiation of the rat trophoblast cell line, Rcho-1, is 
accompanied by high steady-state levels of T N F  
mRNA (139). In some trophoblast cell subpopulations, 
human first trimester extravillous trophoblast cells for 
example, TNF might promote proliferation. Experi- 
ments on rapidly proliferating human choriocarcinoma 
cell lines show clearly that the lines use TNF as an 
autocrine growth factor via binding to their TNF-RI 
(121). Effects on hormone synthesis are also likely; Li 
et al. (135) have shown that trophoblast-derived TNF 
induces release of chorionic gonadotropin using an in- 
terleukin-6 intermediary. 

Other potential functions include promotion of an- 
giogenesis, stimulation of parturition, and facilitation 
of trophoblast cell migration. The last function is par- 
ticularly intriguing; Alon et al. have recently shown 
that TNF interacts with fibronectin and laminin (140), 
both of which are produced by trophoblast cells. It is 
not difficult to envision a process wherein penetration 
and subsequent invasion of trophoblast cells into ma- 
ternal tissues is promoted by autocrine TNFENF-R 
pathways. If so, evaluation of placentas in TNF or 
TNF-R knockout mice might reveal a subtle disorga- 
nization that is insufficient to ablate pregnancy. 

TNF and TNF-R in the Embryo 
Although TNF mRNA appears not to be present in 

preimplantation mouse embryos (107), the cytokine is 
synthesized in mouse embryos later in gestation (141, 
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142). In situ hybridization and immunocytochemical 
studies indicate that the mouse TNF gene is turned on 
at midgestation, between Day 10 and 14, and is ex- 
pressed thereafter in a variety of cell types, including 
heart, lung and epidermis (107) (Chen H-L, Hunt JS, 
unreported data). Use of a TNF promoter/CAT con- 
struct revealed activity in Day 18 mouse fetal thymus 
but not in fetal liver, lung, or spleen (1 18) whereas 
RT-PCR analysis identified transcripts in mouse fetal 
liver beginning on Day 12 (142). Collectively, there- 
fore, the data support the idea that the TNF gene is 
developmentally regulated and is cell lineage specific 
although some methods appear more sensitive than 
others. 

Embryonic tissues also contain TNF-R. Quantita- 
tive RT-PCR on mouse embryos indicates that TNF- 
RI mRNA levels are comparatively stable through ges- 
tation while TNF-RII mRNA shows greater fluctua- 
tions (142). This pattern has been identified in human 
placenta (137) and may ultimately prove to be the sit- 
uation in other normal tissues and organs. Fragments 
of human embryonic tissues in first trimester preg- 
nancy termination samples show differential, cell lin- 
eage-specific expression of TNF-RI and TNF-RII 
mRNA when tested by in situ hybridization (Yelavar- 
thi KK, Hunt JS, unreported data). 

The purpose of embryonic T N F  is as yet un- 
known. In one study where a polyclonal anti-TNF was 
administered during pregnancy, mouse embryo growth 
was retarded and lymphoid organs developed abnor- 
mally (143). Yet administration of a soluble TNF re- 
ceptor/IgG heavy chain chimeric protein to pregnant 
mice, which appears effectively to block TNF/TNF-R 
interactions, failed to interrupt pregnancy and had no 
obvious effect on fetal development (1 18). Therefore, 
the issue of whether or not TNF plays a major role in 
embryogenesis remains to be resolved. 

Perspectives 
Successful reproduction clearly requires appropri- 

ate temporal expression of cytokine and cytokine re- 
ceptor genes as well as closely regulated production of 
ligand. While our working models are based on a role 
for TNF in female reproduction, it is critical to recog- 
nize that pregnancy proceeds normally in transgenic 
mice lacking TNF-RI (28). These seemingly contradic- 
tory observations could be reconciled by postulating 
that factors with similar activities compensate when 
the TNF system is inoperative. Interleukin-1, for ex- 
ample, might substitute for TNF (134). There is con- 
siderable evidence for redundancy in growth factor 
production; transgenic mice lacking genes known to be 
expressed in the uterus, placenta, and/or embryo dur- 
ing pregnancy usually reproduce quite normally (144- 
146). 

It is of the utmost importance to determine the 

contributions of individual cytokines and to dissect the 
complex cytokine networks that lead to to successful 
reproduction. When these are well understood, effec- 
tive therapies might be designed to overcome some 
types of infertility. 
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