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ABSTRACT

The rat endometrium undergoes decidualization, a tissue remodeling pro cess, during embryo implantation. Plasmi  nogen activator
(PA), particularly the urokinase-type PA WPA), has been implicated in tissue remodeling. The present study determined whether r at en-
dometrial stromal cells secrete uPA during decidualization in vitro and, if so, whether the secretion is regulated by prostagla ndins that
are required in decidualization. Endometrial stromal cells were obtained from rats that had been treated with estrogen and prog esterone
to sensitize their uteri for decidualization, and the cells were cultured for up to 72 h in a serum-free medium. PA activity in the
conditioned medium, as determined by a chromogenic assay, increased steadily during the 72-h culture period. PA secretion decreased
when endogenous prostaglandin synthesis was inhibited by the addition of indomethacin to the cell cultures. The inhibitory effe ct of
indomethacin on PA secretion was reversed by prostaglandin E  ,, and much less effectively by prostaglandin F . PA activity in the
medium was due primarily to uPA because 1) PA activity was inhibited by a uPA-specific inhibitor-amiloride-and by an anti-mouse uPA
antibody, and 2) the predominant PA activity in the medium, as identified in zymography, had a molecular m ass of approximately 40 kDa,
similar to that reported for uPA. Northern blot analyses of RNA from the cultured cells demonstrated that the steady-state leve Is of
mRNA for uPA, but not for tPA and plasminogen activator inhibitor-1, were decr eased by inclomethacin; this decrease was reversed by

prostaglandin E . Taken together, the data indicate that rate ndometrial stromal cells  secrete uPA during decidualization in vitro, and that
prostaglandin E ; regulates uPA secretion by the decidualizing cells by directly increasing uPA gene transcription and/or stabilizing its
transcripts. These findings may help to partially elucidate the mechanism of action of prostaglandin E 2 in decidualization.

INTRODUCTION vators (PA), including the tissue-type (tPA) and the uroki-
In rodents, the fibroblastic endometrial stromal cells profase-type (UPA), have been implicated in tissue remodeling
liferate and differentiate into decidual cells in response tBrocesses because of their roles in extracellular matrix turn-
implanting blastocysts or artificial stimuli [1]. This process,CVer [6, 7]. Thus, PA may play an important role in deci-
which begins in the antimesometrial region and subsequenﬁ%al'zat'on' The objective of this study was to determine

spreads to the mesometrial region, ultimately results in tHe ether.rat endemetrlal etromal cells secrete PA during in
formation of the maternal component of the placenta iP{'trO decidualization and, if they do, to determine whether the

pregnancy. Decidualization can be obtained in response egcrenon is regulated by PGE,
many different types of artificial stimuli, but only if these are
applied during a limited time in pregnancy or
pseudopregnancy or when the uterus has been sensitized byAmmals
appropriateregimen of hormone injections [1]. If isolated Female Sprague-Dawley rats, obtained from Harlan
from sensitized uteri, rat endometrial stromal cells alsSprague-Dawley Inc. (Indianapolis, IN) at 200-225 g BW,
undergo decidualization when cultured in vitro [2, 3], and thi¥ere housed in temperature- and light-controlled conditions
culture system serves as a model for the study of respongbghts-on from 0500 to 1900 h) with freecss to food and
that occur in these cells during this process. Both in vivo afater. The animals were ovariectomized under ether
in vitro, the process of decidualization is mediated, at least Aesthesia and allowed at least 5 days to recover. To obtain
part, by prostaglandins (PGs), particularly of the E serid@ts with uteri sensitized' for decidu.alization, eetradiol aqd
(reviewed in [4]). progesterone were administered s.c. in sesame oil as described
Decidual transformation of the endometrium in vivo rePreviously Q81; protocol [21).
quires extensive tissue remodeling [5]. Plasminogen acti-

MATERIALS AND METHODS

Endometrial Stromal Cell Isolation and Culture
Accepted December 26995, Endometrial stromal cells were obtained from the sensi-
Received November B995. . . . . . . . .
This study was assisted by grants from the Medicaé&eb @uncil of Canad4MRC to tized uteri by enzymaUC d|5per5|0n as described in detail
X.Z. (MT-1 2107) and T.G.K. (MT-10414). X.Z. isrecipient of an MRC Scholarship Award.  elsewhere [3, 9]. In brief, uterine horns, split longitudinally,
2Correpondence: Dr. X. Zhang, Department of Obstetrics anca&miogy, University of were initially incubated in pancreatin (G|BCO-BRL, Bur-

Calgary Health Science Centre, 3330 Hospital Drive, NW, Calgary, Alberta, Canada T2N 4N1,. . .
FAX: (403) 220-8431; e-mail: xzhang@acs.ucalgary.ca lington, ON, Canada) and dispase Il (Boehringer Mann-
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heim, Laval, PQ, Canada) to liberate luminal epithelial cellstandard curve. A uPA-specific inhibitor (amiloride [20 mM,
then in collagenase (type Il; Sigma Chemical Company, Ssigma] [7] and anti-mouse uPA antibody (American Diag-
Louis, MO) to liberate endometrial stromal cells. The stromatostic Inc., Greenwich, CT) were added to some assays to
cells were suspended in Dulbecco's Modified Eagledetermine the nature of PA activity present in the samples.
medium:F-12 nutrient mixture containing heat-inactivated The nature of the PA activity was further characterized in a
charcoal-stripped fetal calf serum (10%), penicillin (50 U/ml)modified zymographic assay [12]. Aliquots of samples con-
streptomycin (50pg/ml), and fungizone (1.2%g/ml; all taining the same amount of total protein were subjected to
GIBCO-BRL). The cell suspension was filtered through nylorlectrophoresis in a 9% polyacrylamide gel containing casein
mesh (7Qum) to remove contaminating glands and clumps of2 mg/ml) and plasminogen (ig/ml). After electrophoresis,
epithelial cells, and plated at 5 X°1€ells in 0.5 ml medium the gel was washed in 2.5% Triton X100 for 60 min and
in 24-well plates (Becton-Dickinson, Lincoln Park, NJ). Anincubated in PBS for 12-16 h at 37C. The gel was then fixed
initial incubation period of 2 h at 3T under 5% CP95% air in a mixture of methanol:acetic acid:water (45:10:45) and
was conducted to allow differential attachment of the stromatained with 0.5% Coomassie brilliant blue dye. PA activity
cells. After this initial incubation, the medium andwas revealed by a cleared zone in the gel, and its molecular
free-floating cells were removed and replaced wi#hum-free size was estimated by prestained molecular size markers
medium The resultant cultures of attached cells were free ¢GIBCO-BRL) that were co-electrophoresed with the samples.
epithelial cells, as determined by the absence of detectable

cytokeratin by immunocytochemistry, but contained some (less

; thernBlot Hybridization
than 5%) leukocytes, presumably macrophages (unpubllshg’c‘j’r .
results). The stromal cells were cultured for up to 72 h with Total RNA was extracted from cultured cells by a single-

indomethacin (Sigma), with indomethacin plus BGE with step guanidine thiocyanate procedure [13] and_vv_as quantif_ied
indomethacin plus PGE (Cayman Chemical Company, Ann by .apsorbance at 260 nm as well as by ethidium bromide
Arbor, MI). The treatments were added to the culture mediu aining after electrophqre5|s through agarose gels. Total RNA
in ethanol, the final concentration of which did noteed | Opg) was denatured in 6% formaldghyde: 50% formamllde
1%; cells not receiving a tément were cultured with an MOPS buffer (20 mM 3-[N-morpholino] propanesulphonic
equivalent concentration of ethanol. The culture media we 'od [MOPS], 5 mM sodmm atxte, 1 mM EDTA, pH 7.2) a’g
replaced every 24 h, frozen at £ lyophilized, and recon- 65°C  for 15  min,  electrophoresed  in  1.1%

stituted with water just prior to determination of PA activity_agarose-formaldehyde gels, blotted by capillary transfer onto

To determine the amount of cellular protein in each well, th'é'ybond'l\I membranes (Amersham, Oakville, ON, Canada),

cells were washed with Dulbecco's PBS (GIBCO-BRL) afte?nd then cross-linked to the memb'ra}nes t?y UV radiation. .
the medium was removed, solubilized in 18BS-1 mM The membranes were prehybridized in 2.2 mM sodium

EDTA h h fL t al. 1101 wit yrophosphate, 1 M NaCl, 50 mM Tris, 1.%. SDS, 10-strength
BSA a’siﬂg :ti?‘]a:jy:r?j by the method of Lowry et al. [10] wi enhardt's reagent [14], pH 7.5, containing B3¢ml de-

natured salmon sper@NA at 65 C for 2 h. Probes for uPA
and tPA were prepared by reverse transcription and poly-
merase chain reaction (RT-PCR), with total RNA froat
PA Activity Assays embryos used as templates. The RT-PCR products, 348 bp in
A chromogenic assay for PA activity [11] was modifiediength for uPA and 450 bp for tPA, were cloned into
and used in this study to quantify PA activity in the condipgjyescript vectors for sequencing to verify their identity [15].
tioned media. Briefly, 2ful of sample was incubated with 25 The probe for PA inhibitor (PAI)-1 was Bvu Il fragment
ng of plasminogen (Sigma) in a 96-well microtiter plate fogrggo bp) of the rat PAI-1 full-length cDNA (kindly provided
30 min at 37C to generate plasmin. Chromogenic substratasy pr. T.D. Gelehrter of University of Michigan, Ann Arbor,
for plasmin-0.22 mM of 5,5'-dithi0-bi3(2'nitrObenZOiC aC|d)M| [16]) The probe for PAI-2 was prepared and verified in a
and thiobenzyl benzyloxycarbonyl-L-lysinate (Sigma)-wereimilar way as for uPA and tPA probes, except that total RNA
then added, and the incubation was continued for a furthfbm mouse embryos was used as template for RT-PCR [17].
15-30 min. The intensity of the yellowish color that resultedrhese DNA probes were labeled by the randorimipg
from the plasmin action was determined using an automatgg{;hnique in the presence offP]JdCTP (Amersham) using
microplate reader at the 405nm wave length. Human UP#y oligo-labeling kit (Random Primers DNA Labeling System,
(Calbiochem, San Diego, CA) was included in each assay §0BCO-BRL). Hybridizations were carried out at °€5 for
construct a standard curve, which was used to convert tﬁﬁproximately 18 h. The membranes were then washed twice
color intensity (absorbance) in the sample to the Internation@go min each time) in double-strength SSC (0-3 M NaCl, 0.03

Unit for PA. All substrates were added at saturating sodium citrate, pH 7.0)0.1% SDS at°€5 and then twice
concentrations to the assay to ensure that all sample valygg min each time) at 6&

fell within the linear range of the
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FIG 1. Effects of indomethacin (IM, 10° M) or indomethacin plus PGE; (1 pg/ml) on PA
activity in medium of endometrial stromal cells from sensitized rat uteri at 24, 48, and
72 h in culture. PA activity was measured by chromogenic assay. A) PA activity per
culture well. B) PA activity per unit of protein. Each point represents mean + SEM for 4
wells.

in 0.2-strength SSC-0.1% SDS. The membranes were then
subjected to autoradiography at <@with intensifying
screens. Between hybridizations, the blots were stripped by
immersion in 1 mM Tris, 1 mM EDTA, 0.1-strength Den-
hardt's reagent (pH 8.0), for 2 h af &

Table 1. Effects of amiloride or anti-uPA anti  bodies on PA activity as determined
in triplicate in the chromogenic assay.

PA activity (mlU; mean + SID)

Addition to assay uPA Standard' PA Standard  ° Medium ¢ from Medium ¢ from
control cultures with
cultures IM + PGE»

None 1.22+0.08 0.92 +0.06 8.95+0.44 22.60 £0.71

Amiloride, 0.1 0.02 +0.00 0.93 £0.07 1.20+0.06 2.00+0.08

mM

Anti-ulPA 0.19 £ 0.06 0.89£0.12 2.42+0.06 3.22+0.10

antibody,

0.1 mg/mi

#1.0 miU human uPA.
2 ng human tPA.
°5 pl of medium conditioned by culturing rat endometrial stromal cells.

The relative amounts of RNA loaded into each lane and
transferred to the membranes were determined by probing the
blots with a radiolabeled cDNA for mouse 18S ribosomal
RNA [18]. The relative levels of the signals for the mRNAs
on the autoradiograms were quantified by image analysis
(Mocha Image Analysis, Corte Madera, CA), and the results
were expressed as the ratios of the mRNA signals to 18S
rRNA signals.

Statistical Analysis

The data for PA activity in the media are presented as the
mean + SEM of quadruplicate observations from a single
experiment. Each experiment was performed at least three
times with different endometrial stromal cell preparations.
Because of significant differences between experiments, as
determined by analysis of variance, the data from different cell
preparations have not been pooled; comparison of experiments
indicated that the treatment effects were qualitatively,
although not always quantitatively, consistent.

Other data were analyzed by one-way analysis of variance
followed by Duncan's New Multiple Range tests [19] when
analysis of variance indicated significant treatment effects.

RESULTS

PA Secretion into the Culture Medium

In the first series of experiments, repeated four times with
different endometrial stromal cell preparations, the effects of
time in culture, and of the manipulation of PQ&vels, on PA
activity in the conditioned medium were determined by the
chromogenic assay. The results of a representative experiment
are presented in Figure 1. For control cultures, total PA
activity per well increased substantially (p < 0.001) over the
72-h culture period (Fig. 1A). The inhibition of endogenous
PG synthesis in the cultured cells by the addition of
indomethacin (18 M) significantly (p < 0.001) reduced the
level of PA activity present in the conditioned medium at all
three times. The addition of PGH1 pg/ml) along with
indomethacin resulted in levels of PA activity higher (p <
0.001) than those of the corresponding controls at each time.
When PA activity was expressed per unit of cellular protein
(Fig. 1B), the pattern of changes in activity was similar.

Characterization of PA Activity

PA activity in the conditioned media was almost com-
pletely inhibited when a uPA-specific inhibitor (amiloride) or
an anti-mouse uPA antibody was added to the chromogenic
assay (Table 1). The zymographic assay (Fig. 2) detected a
single band of PA activity, at a position corresponding to a
molecular mass of approximately 40 kDa. This molecular
mass is similar to that of uPA but not tPA (molecular mass =
70-72 kDa). Almost identical results were obtained from three
zymographic assays of samples from three different culture
experiments.
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FIG.2. Endometrial stromal cells from rat uteri sensitized for decidualization were . . . . . ..
cultured in absence (Control, C) or presence of 10° M indomethacin (IM) or of 185
indomethacin and 1 pg/ml PGE; (IM + PGE;)- Conditioned media were collected at 24,

48, and 72 h in culture and subjected to electrophoresis in 9% polyacrylamide gel
containing casein and plasminogen. After electrophoresis, the gel was incubated for
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12-16 h in PBS before being fixed and stained with Coomassie brilliant blue. Cleared -
zone represents PA activity. Proteins with known molecular sizes were
coelectrophoresed as standards for estimating molecular masses of PA activities. I_-—I u F"""'
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In a series of experiments utilizing three different endometrial g ,..-"'QQ %

cell preparations, the concentration-response relationships between— % ﬁ i
PGE, PGFEy, and total PA activity in the medium of cells in which ;“'3\: % /%
endogenous PG production was inhibited by indomethacin were ; 0.5} a‘,::: {
investigated. The results of a representative experiment are = i
presented in Figure 3. For both PGihd PGk, analyses of E ,..r*::}i
variance indicated highly significant (p < 0.0001) interactions 0 C M M _':‘ PGE
between the effects of time in culture and PG concentration. These 2

interactions arose because the extent to which PA activity was

increased by the PGs differed between times, being greatest at 7!2(3h4 Northern blot analyses of uPA,_t_PA, and PAH _from rat endometrlal stro_nswal cells
cultured for 72 h under control conditions (C) or with indomethacin (IM, 10™ M), or
indomethacin plus PGE; (IM + PGE,, 1 pg/ml). RNA (10 pg) was electrophoresed and
transferred to a nylon membrane. A) Autoradiographs of membranes from three
experiments. Each membrane was hybridized sequentially with 32p_jabeled cDNA
probes for uPA, tPA, PAH, and 18S ribosomal RNA. B) Mean (+ SEM, n = 3) ratio of

500 »—& PO »— — @ TIh mRNA/18S ribosomal RNA signals, as determined by image analysis with the ratios for
L ~ controls set at 1, for the three treatment groups.
750 | O —& POF,, e
.
= &0 ~ and least at 24 h. At all times examined, both PGs stimulated the
& e o s, Secretion of PA activity into the medium in a concentra-
E 450 b f,f' E,_-*"' tion-dependent fashion, with Pgibeing more effective than
e i .. .
= o~ g W 48h PGR.. When the data were expressed as PA activity per unit of
e e | - i?__.-rf'::“' R T cellular protein, a similar pattern was observed (data not shown).
- e - —
0 --——"f___g' — S »
[ Tl __,,.d_——-; oy 24 Northern Blot Analyses
i T e Northern blot analyses were used to determine the effect of

a QU o nm 1 1 manipulating PGE levels on the steady-state concentrations of
mRNAs for PAs and PA inhibitors in the cultured cells. In each
case, a single species of MRNA was identified when Northern

blots were probed sequentially for uPA, tPA, and PAI-1 (Fig. 4A);
FIG 3. Concentration-response relationships between PG1E,, PGf,,, and PA activity at no signal was obtained for PAI-2 (data not ShOWﬂ) When cells
24, 48, and 72 h in medium of cultured rat endometrial stromal cells. All cultures 9 !

contained indomethacin (10'5 M) to inhibit endogenous PG production during culture were cultured with |nd0mEthaC|ny the relative abundance of uPA
period. PGE, or PGF,,, at specified concentration was added at end of differential MRNA, as assessed by the

attachment period. Medium was replaced every 24 h with fresh medium containing

same concentration of PG. Each point represents mean = SEM for 4 wells.
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ratios of the mRNA signals to 18S rRNA signals, was deand PAI-1. The failure to detect PAI-2 mRNA signal is incon-
creased significantly (p < 0.05) to 40% of that of the controlslusive because it may be due either to a very low level of
addition of PGE to the indomethacin restored the mRNAexpression of the PAI-2 gene, or to the failure of the mouse-
abundance to levels not different from that of cont{lig.  derived probe to hybridize with rat mRNA. To the best of our
4B). The treatments had no significaftect on the relative knowledge, the nucleotide sequence of rat PAI-2 mRNA is
abundances of MRNA for tPA or PAI-1. not available. Nevertheless, these data suggest that PGE
regulates uUPA at least in part by increasing the transcription
rate of the uPA gene and/or stabilizing its transcripts.
Although the essential role of PGE, in the decidualization
Previous studies have demonstrated that endometrigdocess has been well documented, the mechanism of its
stromal cells from appropriately sensitized rats can undergation during decidualization is not yet fully elucidat8dme
decidualization in vitro [2, 3, 20] and that this decidualizatiorof its actions in inflammation and other tissue remodeling
is regulated in part by endogenously produB€ss [3]. This processes, such as increasing vascular permeability and
experimental model was employed in our study to determirirducing angiogenesis, are probably required in the induction
the regulation of PA secretion. PA activity in the medium o0bf decidualization [26, 27]. Increased uPA expression and
control cultures, measured every 24 h, increased steadily oesttracellular matrix turnover have been associated with
the 72-h culture period. Indomethacin, a PG synthesiaflammatory responses including vascularization [7, 28]. The
inhibitor [21], at concentrations previously shown to inhibitoreakdown of some extracellular matrix components in the
PG production by cultured endometrial stromal cells [3]Jendometrium has been observed during decidualization. For
suppressed PA secretion by the cultured cells, suggesting teaample, the level of hyaluronan in the mouse endometrium is
de novo synthesize®Gs play a role in the control of PA reduced during decidualization. This reduction is independent
secretion. Both PGEand PGk, were able to override the of embryonic signals since it occurs in the deciduoma that is
inhibitory effect of indomethacin in a concentration-dependenihduced by an artificial deciduogenic stimulus [29]. Similarly,
manner, with PGE being more effective than P&Fan collagen degradation has also been observed in the decidual
observation that is in agreement with previous findings in vivissue, independent of embryonic control [30]. Data from this
[22, 23] and in vitro [3]. The effects of indomethacin andstudy suggest that PGHnay participate in the control of
PGE2 on PA secretion are not a result of a general effect ertracellular matrix turnover by regulating uPA secretion
the cultured cells since the patterns of PA changes, expressknling decidualization.
per culture well or per unit of cellular protein, were similar. In the rat and some other rodents, as in the human, the
The PA activity measured in the medium was primarily uPA&mbryos invade the endometrium during implantation. It has
rather than tPA, as indicated by the inhibitory effects dbeen proposed that uPA and other proteinases from the
amiloride and of uPA antibodies. This conclusion was furtheembryos are responsible for breaching the basement mem-
substantiated by the zymographic assay, which indicated tHatne in the endometrium during the invasion process [31,
the activity had a molecular mass of approximately 40 kD&2]. However, histological studies have found that breakdown
appropriate for uPA but not for tPA (70-72 kDa; [6, 24]). of extracellular matrix in the endometriumepedes any sign
Several natural inhibitors inhibit uPA activity in vivo, in- of embryo implantation /invasion in the mouse uterus [33],
cluding PAI-1 and PAI-2 [25]. The chromogenic assay meaand this breakdown is presumably mediated by proteinases
sures net PA activity;, changes in activity measured therepproduced within the endometrium. It is possible that
may be a consequence of a change in total PA activity oremdometriauPA,in addition to embryoniaPA, isrequired for
change in PA inhibitor levels in the sample. Because zynsuccessful implantation.
ography separates PAs from their inhibitors, it provides an In summary, the present study shows that rat endometrial
indication of changes in total PA activity. In the present studwtromal cells undergoing decidualization in vitro secuéta
the results of the zymographic and chromogenic assays weted that this is regulated by P&H-uture studies should
consistent, and suggest that indomethacin and PGE, act,datermine whetheuPA is produced by decidual cells in vivo.
least in part, to modulate uPA secretion, rather than secretionke effect of in vivo sensitization of the stromal cells on their
of PA inhibitors. secretion ofuPA should also be determined in order to
The results of the Northern blot analyses are also consisterstablish uPA secretion as a possible bio-marker for de-
with the notion that indomethacin and PGifect uPA. The cidualization.
steady-state levels of mRNA for uPA were decreased by
indomethacin, and this reduction was reversed by ,PGE
although unlike the activity, the levels were not significantly ACKNOWLEDGMENTS
greater than in the controls. Neither indomethacin nor ,PGE
had any significant effects on the levels of mMRNAs for tPA

DISCUSSION
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