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TNF is well known for its role in inflammation, including direct
effects on the vasculature. TNF also is implicated in the regulation
of reproduction by its actions to affect ovarian steroidogenic cells
and to induce apoptosis of corpus luteum (CL)-derived endothelial
cells in vitro. We hypothesized that the disruption of TNF signaling
would postpone the regression of the highly vascularized CL in
vivo, and this effect could be replicated in mutant mouse models
lacking TNF receptor (TNFRIⴚ/ⴚ) and/or a critical enzyme of TNF
signaling, acid sphingomyelinase (ASMaseⴚ/ⴚ). In the current
study, the treatment of pseudopregnant mice with the luteolytic
mediator prostaglandin F2-␣ (PGF) significantly increased TNF in
the ovaries when compared with saline-treated controls. Treatment with PGF also reduced serum progesterone (P4) concentrations and caused involution of the CL. However, pretreatment of
pseudopregnant mice with Etanercept (ETA), a TNF-neutralizing
antibody, inhibited the PGF-induced decrease in P4 and delayed
luteal regression. A similar outcome was evident in pseudopregnant TNFRIⴚ/ⴚ animals. Treatment of luteal microvascular endothelial cells (MVECs) with TNF provoked a significant increase in
ASMase activity when compared with the corresponding controls.
Furthermore, TNF-induced MVEC death was inhibited in the ASMaseⴚ/ⴚ mice. The ASMaseⴚ/ⴚ mice displayed no obvious evidence
of luteal regression 24 h after treatment with PGF and were
resistant to the PGF-induced decrease in P4. Together these data
provide evidence that TNF plays an active role in luteolysis. Further
studies are required to determine the deleterious effects of antiinflammatory agents on basic ovarian processes.
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umor necrosis factor ␣ (TNF) is most well known for its role
in pathogenic inflammatory disorders, including, but not
limited to, asthma, septic shock, rheumatoid arthritis, inflammatory bowel disease, endometriosis, and cancer (1–5). Depending on the immediate microenvironment, TNF can stimulate cell
proliferation or induce apoptosis. Aside from its role in inflammation, TNF has been implicated in ovarian follicular development and corpus luteum (CL) regression (6–8). TNFRSFI⫺/⫺
mice have irregular estrous cycles and spend an inordinate
amount of time in diestrus, suggesting a defect in luteal regression (9). However, despite the apparent physiological significance of TNF to fertility, the mechanisms by which TNF initiates
and transmits intracellular signals to regulate ovarian function
have received limited attention.
The CL, a transient endocrine organ, evolves from the remnants of the ovulating follicle and provides progesterone to
induce uterine quiescence in preparation for embryo implantation. The development of the CL has been likened to the
development of a tumor that is evidenced by the induction of
angiogenesis (10–12). The CL consists of steroidogenic cells,
endothelial cells, pericytes, and immune cells. By far the endo-
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thelial cells make up the greatest percentage of cells within the
CL (13–16), and for a short tenure the CL becomes one of the
most highly vascularized organs in the body (17). However,
unlike a tumor, the CL undergoes regression in the absence of
pregnancy. Luteal regression includes the combination of a
decrease in progesterone (P4) synthesis and the involution of the
luteal structure. Prostaglandin F2-␣ (PGF) is considered a
primary luteolysin in most mammalian species (18). This role for
PGF is further supported by studies of the PGF receptor KO
mice, which fail to undergo luteal regression at the end of
pregnancy and, as a result, fail to undergo parturition (19). These
data suggest that PGF signaling is upstream of the angioregression and structural involution affiliated with luteolysis.
Although PGF is luteolytic in vivo, it is not capable of inducing
apoptosis of microvascular endothelial cells (MVECs) or steroidogenic cells in vitro, suggesting that PGF regulates the expression or activity of other factors that contribute to the process of
luteal regression in vivo. It is generally accepted that cytokines
serve a significant role in PGF-induced luteal regression because
they are capable of disrupting steroidogenesis (20–23) and
stimulating apoptosis of MVECs (24, 25) and steroidogenic
luteal cells (26, 27). Each of the cell types within the CL has the
capacity to respond differently to various cytokines (18). In vitro
experiments clearly show that TNF induces apoptosis in isolated
luteal-derived endothelial cells (24), whereas both TNF and
IFN-␥ are required to induce apoptosis in luteal steroidogenic
cells (25, 28, 29). In contrast, another member of the TNF
superfamily, FasL, induces apoptosis in luteal steroidogenic
cells, but has no effect in isolated luteal MVECs (24, 30).
Cytokines, including TNF, activate and/or signal via the
sphingomyelin pathway. Acid sphingomyelinase (ASMase) is
responsible for the conversion of sphingomyelin to ceramide,
and both ASMase and ceramide are potent inducers of apoptosis
in luteinized granulosa cells (26) and MVECs (30–34). Thus, it
is possible that the disruption of TNF signaling directly or
indirectly by inhibiting ASMase would disrupt luteal regression.
In view of our previous studies demonstrating that the MVECs
of the CL are not directly responsive to PGF (35), we postulated
that TNF might serve a more direct role in MVEC demise and the
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luteolytic process in vivo. Within the vasculature, TNF is primarily
known to increase vascular permeability and initiate vascular cell
death (36, 37). To better define the physiological significance of
TNF in the disruption of microvascular integrity and to confirm or
refute the obligatory role of the sphingomyelin pathway in response
to TNF, we evaluated its effects on the microvasculature of the CL.
In the present study, we tested the hypothesis that the disruption of
TNF signaling would postpone luteal regression in vivo and that this
effect could be replicated in mutant mouse models that lack the
TNF receptor (TNFRSFI⫺/⫺) and/or a critical component of TNF
signaling, ASMase⫺/⫺. Furthermore, we tested whether the failed
physiological process of luteal regression could be, at least in part,
attributed to the protection of the microvascular component from
TNF actions.
Results
Inhibition of TNF Signaling Ameliorates the Luteolytic Effects of PGF.

In pseudopregnant mice, PGF treatment causes regression of the
CL as evidenced by the loss of CL morphology and a reduction
(P ⬍ 0.01) in P4 (control 16 ⫾ 2.2 ng/ml, n ⫽ 6 vs. PGF treated
6.3 ⫾ 1.3 ng/ml, n ⫽ 6). PGF also significantly elevated (P ⬍ 0.05)
ovarian TNF levels (814 ⫾ 68 pg/mg, n ⫽ 5) within 4 h over the
nontreated controls (532 ⫾ 0.11 pg/mg, n ⫽ 5). To test whether
the actions of PGF on luteal regression are mediated by TNF, we
treated pseudopregnant mice with Etanercept (ETA), a TNFneutralizing antibody, before treatment with PGF. Pretreatment
with ETA was sufficient to inhibit PGF-induced luteal regression
as indicated by the maintenance of the morphology of the CL
(Fig. 1 a–d) and maintenance of serum progesterone (Fig. 1e).
To extend these results, we challenged pseudopregnant mice
lacking the TNFR1 (TNFRSFI⫺/⫺) with PGF. The TNFRSFI⫺/⫺
mice showed no physical evidence of advanced luteal regression
(i.e., involution of the structure) [see supporting information (SI)
Fig. S1] 24 h after receiving a luteolytic dose of PGF when
compared with the controls. Although the level of P4 observed in
the TNFRSFI⫺/⫺ mice was less than controls, it was significantly
greater than observed in the PGF-treated WT mice (Fig. 1f ).

ng/ml recombinant mouse TNF underwent a significant increase
(P ⬍ 0.002) in apoptosis regardless of whether an inhibitor of
protein synthesis, cycloheximide (CHX, 2 g/ml), was present in
the cultures (Fig. S2a). The mouse luteal MVECs responded
differently than endothelial cells derived from the mouse aorta,
whereby CHX was required for TNF-induced apoptosis (Fig.
S2b). TNF-induced apoptosis of the mouse luteal MVECs was
inhibited in cells pretreated with ETA (Fig. 2a).
In vivo, the luteal MVECs are immediate neighbors of the
steroidogenic cells, which makes up a good portion (30–40%) of
the CL (38). To verify that TNF does not directly induce the
death of mouse luteal steroidogenic cells, we treated granulosaluteal cells with TNF, C16 ceramide, dihydro ceramide (inactive
form), C2 ceramide (cell-permeable ceramide analogue), or
recombinant ASMase. TNF did not induce cell death (P ⬎ 0.05)
in granulosa-luteal cells (Fig. 2b). With the exception of the
inactive cell-permeable ceramide analogue, all ceramide analogues and recombinant ASMase significantly induced (P ⬍
0.05) cell death in granulosa-luteal cells (Fig. 2b). Thus, although
TNF was not sufficient to induce apoptosis, components of the
ceramide-signaling pathway were able to induce death in granulosa-luteal cells.
TNF Binding Does Not Induce Capping but Does Result in Ceramide
Accumulation Within Putative Lipid Domains. It has been shown

previously that cytokine activation of FAS results in the ‘‘capping’’ or hyperoligomerization of the receptor within the plasma
membrane of lymphocytes and hepatocytes (39, 40) and in
Henkes et al.

Fig. 1. Interruption of TNF activity impairs regression of the CL. (a–d )
Morphology of pseudopregnant mouse ovaries 24 h after i.p. injection of
saline (a), PGF (b), TNF-neutralizing antibody (ETA) (c), or PGF plus ETA (d ). (e
and f ) Levels of circulating progesterone 24 h after treatment with saline or
PGF either in the presence of absence of ETA (e) or in control mice (C567BL/6J)
or mutant mice lacking the TNF type 1 receptor gene (Tnfrsf1a⫺/⫺) (f ).

steroidogenic luteal cells (41). Using the same strategy (41), we
were unable to detect any evidence of capping in response to
TNF treatment of luteal MVECs (Fig. S3).
TNF binding to TNFRI causes oligomerization of the receptor
(42) and is required for TNF-induced death (43). Similarly,
oligomerization of FAS and subsequent apoptosis can be inhibited by cholesterol-depleting agents that prevent formation of
ceramide-rich platforms (44). In this regard, pretreatment of
MVECs with filipin, which blocks intracellular ceramide accumulation and platform formation (40), inhibited TNF-induced
PNAS 兩 June 3, 2008 兩 vol. 105 兩 no. 22 兩 7671
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TNF Induces Death in Microvascular Cells but Not the Steroidogenic
Cells of the CL. Isolated mouse luteal MVECs treated with 5–50

has been suggested that ASMase is required to execute the
cytokine-induced death response in hepatocytes (47). To further
explore the mechanisms by which TNF induces luteal MVEC
death, we measured ASMase activity in luteal MVECs treated
with TNF. We observed a significant increase (P ⬍ 0.05) in
ASMase activity after treatment of MVEC with TNF when
compared with the corresponding controls (Fig. S4), whereas
PGF did not increase ASMase in MVECs at any time (data not
shown).
TNF Induction of Death in Luteal MVECs Is Inhibited in ASMaseⴚ/ⴚ
Mice. Luteal MVECs were isolated from WT and ASMase⫺/⫺

mice and then treated with vehicle or TNF 48 h before determination of MVEC death. The levels of apoptotic cells in the
vehicle-treated WT and ASMase⫺/⫺ MVEC and TNF-treated
ASMase⫺/⫺ MVECs were not different (10.7 ⫾ 2.2, 7.4 ⫾ 2.3,
and 10.7 ⫾ 1.6% mean ⫾ SEM, n ⫽ 3, respectively), whereas the
level of apoptotic cells in TNF-treated MVECs from WT mice
was significantly increased (40.4 ⫾ 2.0%; P ⬍ 0.05), suggesting
that ASMase is required for TNF-induced MVEC death.
Similarly, luteal MVECs were isolated from ASMase⫺/⫺ mice
and treated with vehicle, recombinant ASMase, 50 ng/ml TNF,
or a combination of the two and analyzed 48 h later. The
percentage of cell death in vehicle, ASMase⫺/⫺, and TNFtreated luteal MVECs were similar (14.4 ⫾ 2.5%, 18.8 ⫾ 5.8%,
and 9.2 ⫾ 2.0%, respectively). Replacement of ASMase, in
combination with TNF, increased the percentage of cell death
observed (30.3 ⫾ 4.8; P ⬍ 0.05) when compared with the vehicle,
recombinant ASMase, and TNF treatments alone. These data
further support the argument that TNF-induced death of
MVECs requires ASMase activity.
ASMase-Deficient Mice Are Resistant to the Luteolytic Effects of PGF.

Fig. 2. TNF induces apoptosis of mouse CL MVECs. (a) Treatment with 50
ng/ml TNF induced apoptosis of isolated MVECs, which was prevented by
treatment with 15 g/ml ETA. (b) Treatment with 50 ng/ml TNF or an inactive
ceramide dihydro ceramide (50 M DHC) did not induce apoptosis of mouse
luteinized granulosa cells, whereas treatment with active ceramide analogues
(50 M C2 and 200 nM C16) or 100 milliunits/ml rASMase increased apoptosis.
(c) Treatment with 0.5 g/ml filipin to block ceramide accumulation inhibited
TNF-induced apoptosis of MVECs.

apoptosis in luteal MVECs (Fig. 2c). To test whether TNF
increased ceramide in intact luteal MVECs, we used immunofluorescence to monitor ceramide distribution in the cell before
and immediately after TNF treatment. Interestingly, treatment
with TNF resulted in a punctate distribution of ceramide near
the plasma membrane within 30 s of treatment. In contrast, those
cells receiving vehicle alone showed no evidence of this phenotype (Fig. S3).
TNF-Induced ASMase Activity. Endothelial cells are a rich source of

ASMase (45, 46), a common mediator of cytokine signaling. It
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Because treatment of pseudopregnant mice with PGF resulted in
elevated TNF and inhibition of TNF receptor (by Etanercept or
in TNFRSFI⫺/⫺ mice) results in resistance to PGF-induced
luteal regression, we expected that inhibition of ASMase, a
major mediator of TNF-induced cell death, also would result in
inhibition or delay in luteal regression. Fig. 3 a–d illustrates that,
similar to the TNFRSFI⫺/⫺ mice, the mice lacking ASMase were
protected from PGF-induced luteal regression. There was no
gross evidence of PGF-induced disruption of the CL in the
ASMase⫺/⫺ mice, which was supported by the maintenance of P4
levels relative to the saline-treated controls (Fig. 3e). These
results suggest that ASMase serves a pivotal role in PGF-induced
luteal regression. These findings were further supported by the
fact that the ASMase⫺/⫺ mice have irregular estrous cycles
(Fig. S5).
PGF Increases Ovarian TNF in WT but Not ASMaseⴚ/ⴚ Mice. We also

determined the TNF content of ovaries 24 h after treatment of
pseudopregnant ASMase⫺/⫺ mice with PGF or saline. Unlike the
increases in TNF we observed in the PGF-treated WT mice (⬇60%,
see above), the levels of TNF in the ovaries of ASMase⫺/⫺ mice
treated with PGF or vehicle were similar (459 ⫾ 104 and 481 ⫾ 103
pg/mg, respectively; n ⫽ 3 per group), suggesting that ASMase
activity may contribute to the increase in ovarian TNF.
Pretreatment With the TNF Receptor Antagonist Inhibits PGF-Induced
Disruption of the Microvascular Density (MVD). PGF has long been

suspected to coordinate the reduction in vascular blood flow
through the CL and ultimately initiate the disruption of the
vascular integrity. If PGF-induced actions on the vascular component are mediated by TNF, its receptor antagonist should
prevent PGF-induced changes in the luteal MVD. Pretreatment
with ETA prevented the decline in progesterone and, importantly, it also inhibited the decrease in MVD (Fig. 4), suggesting
Henkes et al.

that TNF mediates the PGF-induced disruption of the luteal
microvasculuture.
Discussion
The present studies further define the physiological/biological
significance of TNF in the disruption of the microvasculature of
the CL and confirm the significance of the sphingomyelin
pathway in the disruption of MVECs’ integrity in the CL. Our
results provide important evidence to support the concept that
TNF is a critical mediator of the vascular integrity of the CL.
Results of these studies demonstrate that disruption of TNF
receptor signaling with TNFR blocking antibody (ETA) or via
mice lacking TNFRI inhibits PGF-induced CL regression in
mice.
It has been proposed that PGF induces vasoconstriction
resulting in a hypoxic environment within the CL, ultimately
resulting in apoptosis. Moreover, elegant histological studies
describe an ordered and synchronous involution of the luteal
vasculature and demonstrate that endothelial cells are among

Fig. 4. MVD is disrupted during CL regression. MVD was assessed by staining with CD31 antibody. (a–c) Microvessel staining of pseudopregnant mouse ovaries 24 h
after injection of saline (a) or PGF (b) in ETA-pretreated WT mice or 24 h after injection of PGF alone (c) and percentage of the MVD in total area counted (d).
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Fig. 3. Mice lacking the acid sphingomyelinase gene, Smpd1 (ASMase⫺/⫺),
are resistant to PGF-induced CL regression. (a–d) Morphology of pseudopregnant mouse ovaries 24 h after injection of saline (a) or PGF (b) in WT mice or
24 h after injection of saline (c) or PGF (d) in ASMase⫺/⫺ mice and corresponding serum progesterone levels (e) 24 h after treatment.

the first cells to show evidence of apoptosis (48–50) during luteal
regression. These early studies provided indirect evidence that
the vascular component is critical to the survival of the CL. The
absence of direct cytotoxic effects of PGF on isolated luteal
MVECs argues that luteal regression in response to PGF requires other entities (i.e., cytokines) to disrupt vascular integrity.
The present data suggest that TNF production in response to
PGF is involved in the reduction of P4 and involution of the
luteal tissue. Treatment with PGF causes a significant increase
in TNF during CL regression. Although the mechanisms required for the increase in TNF are currently unknown, PGF was
shown to influence TNF promoter activity (51) in HEK cells
transfected with the PGF receptor. The PGF-induced increase in
TNF preceded the decline in progesterone after PGF treatment.
Importantly, we observed that treatment with ETA inhibited the
PGF-induced decrease in P4 and delayed luteal regression. A
reduction in progesterone can render steroidogenic cells more
susceptible to apoptosis (52). Furthermore, TNF was directly
cytotoxic to luteal MVEC. The significance of TNF as an
important regulator of the luteal regression process was reinforced by studies using TNFRSFI⫺/⫺ mice. Treatment of TNFRSFI⫺/⫺ mice with PGF resulted in a moderate decrease in P4
compared with saline-treated WT controls, but the decline was
not as steep as seen in PGF-treated WT mice. There also was no
morphological evidence of CL regression. Roby et al. (9) established that TNFRSFI⫺/⫺ mice have irregular estrus cycles,
spending more time in diestrus than in estrus. Although these
investigators did not analyze the CL specifically, CL were present
based on the observations that some mice were fertile and the
fact that the mice were locked into a diestrus phase, suggesting
that there was a problem with luteal regression. These data allow
for speculation as to whether this differential response to PGF
in the WT and TNFRI⫺/⫺ mice is due to activation of TNFRII
or whether this incomplete blockage could be due to alternative
pathways activated by PGF since it reduces P4 synthesis in luteal
steroidogenic cells in vitro. Studies have shown that TNF can
increase luteal production of PGF (53). Therefore, it is also
possible that luteal production of PGF is reduced in TNFRI⫺/⫺
mice, which may account for the partial reduction in P4 synthesis.
Previous studies demonstrated that PGF does not have a direct
effect on the luteal MVECs of the CL in vitro as is observed with
TNF (30, 35). It is of interest that luteal MVECs do not require
inhibition of protein synthesis for TNF to induce death as seen
in the isolated aortic endothelial cells. Whether the direct
cytotoxic actions of TNF are specific to MVEC derived from the
CL is not known. Despite its obvious ability to disrupt luteal
MVEC, we show that TNF is not cytotoxic to mouse granulosaluteal cells.
ASMase is responsible for the conversion of sphingomyelin to
ceramide (54), and both ASMase and ceramide are potent
inducers of apoptosis in luteinized granulosa cells. PGF-induced
luteolysis can increase TNF, and, in turn, TNF can stimulate an
increase in ASMase activity, which can increase the production
of ceramide and can stimulate death of mouse luteal MVECs.
Endothelial cells are a rich source of ASMase (45). Therefore,

the rich vascular entity of the CL may provide an ample source
of extracellular ASMase during PGF-induced vasoconstriction
associated with luteal regression. If true, the availability of
ASMase could alter ceramide levels in the surrounding steroidogenic cells, resulting in alterations in membrane dynamics,
including membrane fluidity and macrodomain formation.
In FAS-mediated cell death, intracellular accumulation of
ceramide results in ceramide-rich platform formation and ‘‘capping’’ of FAS ligand on the cell surface (39). It has been
previously proposed that alterations of the cell membrane
allowing translocation of ASMase from an intracellular compartment to the cell surface may be critical to produce the
ceramide needed for FAS-induced caspase 8 activation and
apoptosis (40, 55). Additionally, inactivation of ASMase renders
cells resistant to FAS clustering and apoptosis. Our studies
showed that inhibition of the ceramide macrodomains with
filipin (39, 40) rendered luteal MVEC resistant to TNF-induced
death. The present studies also indicate that TNF induces a
punctate distribution of ceramide near the plasma membrane
within 30 s. We propose that normal luteal function and likely the
vascular component are protected in the absence of ASMase
because of failure to generate the ceramide-rich compartment
necessary for transmembrane signaling of the TNF-mediated
death response. This idea is further supported in our in vitro
studies, whereby luteal MVECs collected from ASMasedeficient mice were resistant to TNF-induced death.
The significance of ASMase is not limited to TNF- or FASmediated signaling. LPS-induced death in disseminated endothelial
cells requires ceramide generation. Lung, thymus, and fat endothelial cells of ASMase-deficient mice are protected from LPSinduced death (56), similar to what was seen in our present study.
This article emphasizes the complexity of the potential interactions between the vascular elements and the steroidogenic
cells, and the prospective signaling pathways that maintain or
disrupt luteal function. Collectively, these data support the
importance of TNF and ASMase to the disruption of the
microvasculature of the CL and its role in luteal regression.
Methods
Animals. WT ASMase⫺/⫺-deficient female mice (congenic C57BL/6) were generated by mating heterozygous mice. Female mice were genotyped by PCR
analysis of tail-snip genomic DNA using specific primers. Prepubertal TNFRI⫺/⫺
female mice (Tnfrsf1atm1Imx) were obtained from The Jackson Laboratory. All
animal protocols were reviewed and approved by the Massachusetts General
Hospital Institutional Animal Care and Use Committee and were performed in
strict accordance with the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals.

In Vivo Treatments. Superovulation and generation of pseudopregnant females.
Superovulation was induced in all experiments at days 24 –27 postpartum by
i.p. injection of 10 units of eCG (Professional Compounding Centers of America) followed by 10 units of hCG (Serono Laboratories) 46 h later. Females
were placed with vasectomized males after hCG injection, vaginal plugs were
checked the next day, and pseudopregnancy was confirmed by vaginal
cytology.
Induction of luteolysis. On day 4.5 after plug detection, the mice were treated
with normal saline, 0.9% sodium chloride (100 l per mouse i.p.; Abbot
1. Oettgen HF, et al. (1980) Endotoxin-induced tumor necrosis factor. Recent Results
Cancer Res 75:207–212.
2. Weems CW, Reynolds LP, Huie JM, Hoyer GL, Behrman HR (1985) Effects of prostaglandin E1 or E2 (PGE1; PGE2) on luteal function and binding of luteinizing hormone
in nonpregnant ewes. Prostaglandins 29:161–173.
3. Vassalli P (1992) The pathophysiology of tumor necrosis factors. Annu Rev Immunol
10:411– 452.
4. Sarzi-Puttini P, Atzeni F, Shoenfeld Y, Ferraccioli G (2005) TNF-alpha, rheumatoid
arthritis, and heart failure: A rheumatological dilemma. Autoimmun Rev 4:153–
161.
5. Mukhopadhyay S, Hoidal JR, Mukherjee TK (2006) Role of TNFalpha in pulmonary
pathophysiology. Respir Res 7:125.
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Laboratories), or PGF (10 g per mouse i.p.; Lutalyse; Amersham PharmaciaUpjohn).
In vivo inhibition of TNF actions with ETA. On days 2.5 and 3.5 after plug detection,
animals were treated with or without 375 g per mouse ETA i.p. (Enbrel;
Amgen/Wyeth-Immunex) before injection with or without 10 g per mouse
PGF i.p. on day 4.5. Normal saline (100 l per mouse i.p.) was used as vehicle
control. Ovaries and blood were collected 24 h after treatment. Serum was
separated and stored at ⫺80°C until analysis for P4 concentrations. Ovaries
were frozen at ⫺80°C for TNF measurement and were fixed/embedded in 4%
paraformaldehyde or OCT for histology.
Assessment of MVD in CL sections. To assess the density of the CL microvascular
layer, a staining for the endothelial cell-specific cell-surface marker was
performed by using Purified Rat Anti-Mouse CD31 (PECAM-1) Monoclonal
Antibody (BD Pharmigen). Briefly, frozen sections were cut into 8-m sections,
mounted onto slides, fixed in cold acetone, and washed with 0.1% BSA/PBS.
Incubation with CD31-specific antibody at a dilution of 1:50 was then performed overnight, followed by fluorescent secondary antibody (Alexa Fluor
594 chicken anti-rat IgG; Molecular Probes) at a dilution of 1:500 for 1 h.
Sections were then washed three times 10 min in 0.1% BSA/PBS at 4°C in the
dark, counterstained with Hoescht, mounted with Gel Mount Aqueous
Mounting Medium (Sigma), covered with cover glasses, and examined under
a fluorescent microscope (Nikon). Assessment of MVD was performed by
computer-assisted image analysis as described previously (57) using Image-Pro
Plus image analysis software (Media Cybernetics).
Serum progesterone. P4 was extracted from the thawed serum with diethyl
ether and analyzed as described previously (58).
TNF␣ measurement. Ovaries were homogenized in 1 ml of PBS, and the suspension was centrifuged at 10,000 ⫻ g for 10 min. TNF was measured in the
supernatant by using a mouse TNF␣ enzyme immunometric assay kit (Assay
Designs) according to the manufacturer’s instructions. The TNF concentration
was normalized against the ovarian weight.

In Vitro Analysis of MVECs. MVEC isolation. Luteal MVECs were isolated from
isolated CL of pseudopregnant WT and ASMase⫺/⫺ through positive magnetic
cell sorting by Dynabeads according to the manufacturer’s instructions. Specific details are described in SI Methods.
Aortic endothelial cell isolation. Cells were isolated through positive magnetic
cell sorting and plated as described above, details are provided in SI Methods.
In vitro endothelial cell treatments. Once 90% confluency was reached, the
medium was replaced with serum-free medium for 24 h. At the end of the
preincubation period, the MVECs were treated with or without 50 ng/ml
recombinant mouse TNF (Cell Sciences) in the presence or absence of 2 g /ml
cycloheximide (CHX), 0.5 g/ml filipin (Sigma), monoclonal antibody to 1:50
ceramide (Alexis Corporation), 100 milliunits/ml rASMase (Biomol), or 15
g/ml Etanercept (ETA). Mouse aortic endothelial cells were treated with or
without 50 ng/ml recombinant mouse TNF in the presence or absence of 2
g/ml CHX.
In vitro assessment of apoptosis. To identify apoptosis-inducing agents in
MVECs, culture medium was removed after treatments, and cells were washed
one time with ice-cold PBS and fixed for 10 min with 4% PFA. The cells were
rinsed one time with PBS and nuclei stained by placing 200 l of glycerol (80%
in 1⫻ PBS) containing 2 g/ml Hoechst 33258 in each well. The average
number of apoptotic cells in 10 fields was determined and presented as the
percentage of the total number of cells.
Statistical analysis. Data are displayed as mean ⫾ SEM. Statistical analysis was
calculated by a one-way ANOVA and the two-tailed paired t test using
GraphPad Prism software.
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