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ABSTRACT

Rat endometrial stromal cells undergoing decidualization in
vitro secrete urokinase-type plasminogen activator (uPA), and
this secretion is regulated by prostaglandin EThe present study
was undertaken to determine whether uPA and plasminogen ac-
tivator inhibitor-1 (PAI-1) mMRNAs are expressed in vivo in the
decidua of pregnant rats and in the deciduoma of "pseudopreg-
nant” rats. Total RNA was prepared from nondecidualized and
decidualized endometrial tissues at various stages of early preg-
nancy and examined by Northern blot analysis using specific
cDNA probes for rat uPA and PAI-1. There was little uPA
mMRNA in the endometrium during the first 5 days of pregnancy
(Day 1 = the presence of sperm in the vagina). A high level of
uPA mRNA was detected on Day 7, and it declined éneafter.
There was a gradual increase in PAI-1 ®RNA in the decidua
from Day 7 of pregnancy, reaching a peak level on Day 15 when
the decidua was transformed into the maternal placenta. (RNA
was not analyzed beyond Day 15 of pregnancy in this study.) In
situ hybridization studies verified that uPA mRNA was present
in the decidua adjacent to the implanting embryo on Day 7.
Plasminogen activator inhibitor-l mRNA was scatered in the
decidualized endometrium, but greater amounts of PAI-1 mRNA
were found in the fetal tissue on Day 10 of pregnancy. Northern
blot analysis of RNA from the deciduoma produced in ovariecto-
mized, steroid-treated rats by intrauterine injection of oil dem-
onstrated a similar temporal pattern of expression of uPA
MRNA; i.e., the level of uPA mMRNA was highest on Day 7 and
decreased thereafter. The level of PAI-1 RNA in deciduoma
was not detectable by Northern blot technique during the first
10 days of pseudopregnancy. These findings confirm that uPA
MRNA is present in vivo in rat decidual cells, independent of the
presence of a conceptus. By contrast, the level of PAI-1 mRNA in
the uterus is probably influenced by the presence of the
conceptus.

INTRODUCTION

lular matrix (ECM) in the endometrium are, at least partially,
independent of the implanting embryos [4-6]. Various types of
ECM-degrading enzymes are produced in the human
endometrium under the control of steroid hormones [7, 8]. These
enzymes are probably involved in many tissue remodeling events
during decidualization, such as the invasion of trophaoblast cells,
angiogenesis within the decidua, and migration of blood-borne
cells into the decidua.

Plasminogen activators (PAs), particularly the urokinase type
PA (uPA), have been implicated in the control of tissue
remodeling because of their roles in regulating ECM turnover [9].
Recent studies have demonstrated that rat endometrial stromal
cells from uteri sensitized for the decidual cell reaction secrete
uPA in vitro when cultured under conditions that allow the cells to
decidualize. Prostaglandin,Ea mediator of decidualization,
regulates the in vitro secretion of uPA, at least partially, by
regulating the steady-state level of uPA mRNA [10]. The present
study was designed to determine whether the levels of uPA
mMRNA in the rat endometrium change during decidualization. in
vivo as they do in vitro. Another aim of this study was to
determine possible changes in the levels of the mRNA for a
natural uPA inhibitor, PA inhibitor-1 (PAI-1), in the rat endome-
trium during in vivo decidualization.

MATERIALS AND METHODS

Preparation of Animals

Female Sprague-Dawley rats, at 200-250 g BW, were
purchased from Charles River Canada (St. Constant, PQ, Canada)
or Harlan Sprague-Dawley Inc. (Indianapolis, IN) and housed in
temperature- and light-controlled conditions (lights-on from 0500
to 1900 h) with free @ess to food and water. To produce natural
pregnancies, female rats were paired with fertile males and
checked every day for the presence of sperm in vaginal smears as

In rodents, the endometrial stromal cells proliferate an@n indication of mating. The day on which sperm were first found

differentiate into decidual cells during embryo implantation. Thidn the vaginal smear was designated Day | of pregnancy. To in-
process is controlled by both the endocrine milieu during earguce artificial decidualization, a state equivalent to pseu-
pregnancy and by signals from the implanting embryos [1]. As tHéoPregnancy was produced in ovariectornized rats by the
endometrium undergoes decidualization, the implanting embry@iministration of estradiol and progesterone [11]. On the
invade the endometrium. in order to establish an intimate contaRguivalent of Day 5 of pseudopregnancy at approximately noon,
with the maternal blood supply [2, 3]. Although the imp|antingde<:|duallzat|on was induced by the bilateral intrauterine injection
embryos produce matrix-degrading enzymes for invasion, son@é100ul sesame oil.

evidence indicates that degradation and turnover of extracel-
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To collect endometrial tissue on Days 3 and 5 of pregnancy or
"pseudopregnancy,” each uterine horn was cut longitudinally and
the endometrial tissue was scraped off the myometrium with a
spatula as described by Martel and Psychoyos [12]. Decidual
tissue on Day 7 of pregnancy was similarly separated from
myometrium after the embryonic tissues were removed under a
stereomicroscope. On Day
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o h Histology and In Situ Hybridization
L=
Dy Implantation sites from various days of pregnancy were
E 7T WE § I fixed in 4% paraformaldehyde and 0.2% glutaraldehyde at

4°C for 18 to 20 h. After fixation, the tissues were washed in
i3 - PBS for 48 h at 4C with changes of fresh PBS every 8 to 10
. L] s T h, dehydrated, and embedded in paraffin. All the reagents
{ used for in situ hybridization were purchased from
Boehringer-Mannheim Canada (Laval, PQ, Canada) except as
specified otherwise. The procedures were carried out ac-
cording to the instructions of Boehringer-Mannheim with
some modifications [14]. Paraffin sectiongub thick were
£ | [N dewaxed in two changes of xylene and rehydrated in a 100%,
: i 95%, 80%, and 70% ethanol series for 5 min each and rinsed
Hwy o pragrancy with 4-strength SSC. The sections were digested with
proteinase K and hybridized with digoxygenin (DIG)labeled
FIG. 1. Northern blot analysis of total RNA from rat endometrial/decidual rlboprob_es_ for 16 h at S5C. Aﬂer h_yb”dlzatlonv_
tissues on various days of pregnancy. Total RNA from kidney and liver of a  NONhybridized RNA was removed by incubating the sections
female nonpregnant rat was included as control. Ten micrograms of RNAwas ~ With  RNase A. The sections were washed with dou-
Ig;’:lded to each lane. The same membrane was sequentially hybridized with ble-strength SSC and then incubated with anti-DIG antibody
[Aufg;ﬁdtjigl;ipﬁI?),f\lﬁor‘tjfr\z[r)rfsblgt); E)PAD’enFs)ﬁxyetggdaniﬁlssisrsf,\ltﬁregDrgrli.ca?e)z -Conju-gated With- intestinal alkaline pho_sphat_a se. To dEte-(:t the
autoradiographs. The ratio of mMRNA to 18s rRNA is normalized to Day 3 = 1. * mtes_tlnal alka.“ne phOSphatase .aCtIVIty in the sections,
Compared with values for UPA on other days, p < 0.05; sections were incubated with a mixture of colored substrates
** compared with values for PAI-1 on other days, p < 0.05. (nitro blue tetrazolium and 5-bromo-4-chloro-3indoyl
phosphate) in the presence of 1 mM levamisole (Sigma, St.
Louis, MO) to block endogenous alkaline phosphatase.

; . ctions were incubated with the mixture for 6 to 16 h in
10, decidua containing the embryo was gently squeezed OUﬁciirmplete darkness to develop a blue-colored precipitate as an

the uterus through an incision in the myometrium at thEOMP'€ o2 Y X
implantation site. The embryonic tissue was removed from tt{gdication of hybridization of the probe with target mRNA.
decidua under a stereo microscope. By Day 15 of pregnancy,

the decidua has developed into the maternal placenta, whi
was collected by peeling away the fetal component with fin

g}eparation of Probes

forceps. A 348-bp cDNA fragment for uPA was tatined by reverse
transcription and polymerase chain reaction, with total RNA
RNA Isolation and Northern Blot Hybridization from rat embryos used as templates, and was cloned into

) ) _ pBluescript vectors (Promega, Madison, WI) for sequencing

Total RNA was isolated according to a previously describegh verify its identity [15]. For the PAI-1 probe, Rvu Il
procedure [13]. The tissues were minced on ice angagment (980 bp) was excised out of a full-length, rat PAI-1
immediately homogenized in cooled, 4 M guanidinium thiocDNA (kindly provided by Dr. Gelehrter of University of
cyanate solution containing 25 mM sodium citrate (pH 7.5Michigan, Ann Arbor, MI [16]) and subcloned into
0.5% Sarkosyl, and 0.1 M 2-mercaptoethanol. Water-satgBluescript plasmid. Complementary DNA for mouse 18S
rated phenol, chloroform, and isoamyl alcohol were sequepRNA was a gift from Dr. J. Hammond of University of
tially added to the homogenate. The mixture was centrifugaflestern Ontario, London, Ontario. To prepare probes for
at 14 000x g, and the aqueous phase containing the RNA wagorthern blot hybridization, the templat®NA fragments
collected after centrifugation. The RNA was precipitated withyere excised out of the plasmid vectors and labeled with
isopropanol. and resuspended in water. The RNA sampl&p_dCTP (Amersham Canada) by random priming reactions
were electrophoresed in a 1% agarose gel containiiging a random priming kit from Gibco-BRL Canada
formamide and 6% formaldehyde in the presenc#©PS  (Burlington, ON). For in situ hybridization, riboprobes were
buffer (20 mM 3-[N-morpholinolpropanesulphonic acid, 5synthesized by appropriaf#NA-dependent RNA polymerases
mM sodium acetate, 1 mM EDTA, pH 7.2). After electroto incorporate DIG-labeled UTP, using a DIG labeling kit
phoresis, the RNA was blotted onto positively charged nylogom Boehringer-Mannheim. The size of the labeled
membranes (Hybond N+; Amersham Canada, Oakville, ONjhoprobes was reduced to approximately 150 nucleotides by

by capillary transfer and cross-linked by exposing th@mited alkaline hydrolysis as described by Cox et al. [17].
membranes to a UV light (Stratalinker TM 1800; Stratagene,

La Jolla, CA) for 5 min at an intensity of 12 000 joules/cm

The m_embganes were prehybridized for 15 min and hybridpensijtometry and Data Analysis

ized with P*labeled cDNA probes for 2 h at 88 using the i
Rapid-hyb buffer from Amersham Canada. The membranes All the Northern blot analys_es were repea_ted three times on
were washed once with double-strength SSC for 15 min BNA samples collected on different occasions. The mRNA
room temperature, twice with single-strength SSC for 15 mifignals on autoradiograms were partially quantified by
each, and once with 0.1 -strength SSC for 20 min &tGs5 Scanning densitometry using a Desk-Top Scanner and
(single-strength SSC = 0.15 M NaCl, 0.015 M sodium citratdmageMaster Software (Pharmacia-LKI3 Biotechnology,
all the washing solutions contained 0. 1 $©S). Au- Uppsala, Sweden). The relative density of each target mRNA
toradiograms were obtained by exposing the membranes W@s expressed as the ratio to the relative density of the 18S

Kodak XAR-5 film (Eastman Kodak, Rochester, NY) at 70rRNA in the same sample, and the ratios were pooled between
C with intensifying screens. the three Northern blot analyses to calcu
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FIG. 2. In situ hybridization of rat implantation sites. Tissue sections were hybridized with DIG-labeled riboprobes; to produce a bluish-colored precipitate as the
hybridization signal. The antisense probe for uPA hybridized with primary decidual cells surrounding the implantation chamber (IC), particularly in the
antimesometrial region (A), on a section from Day 7 of pregnancy (a, X25), while the sense probe produced no hybridization signal on an adjacent section (b).
Plasminogen activator inhibitor-1 mRNA was detected by antisense probes in decidual cells (M) and, more profoundly, in trophoblast cells (T) and fetal tissues (F)
on a section from Day 10 of pregnancy (c, x 100). An adjacent section (d) showed no significant hybridization with the sense probe for PAI-1.

late the mean and SD. The level of significance of differencesocalization of uPA and PAI-1 mRNAs
between the means was determined by Duncan's Multiple The uPA and PAI-L mRNAs were kiized by in situ

Range test. hybridization. Antisense riboprobe for uPA detected positive

RESULTS signals (blue precipitate) in the primary decidual cells
surrounding the implantation chamber in tissue sections

Abundance of uPA and PAI-1 mRNAs in Uterine Tissues of  prepared from Day 7 of pregnancy (Fig. 2a). Positive signals

Pregnancy for PAI-1 mRNA were very weak in the decidual cells in

Total RNA from uterine tissues of pregnant rats was exissue sections from Day 7 of pregnancy (data not shown). By

amined by Northern blot analysis. Hybridization with uPADay 10 of pregnancy, PAI-1 signals were easily detected in

and PAI-1 probes each detected a single band correspondéiegidual cells surrounding the fetus, although they were most

to the target mMRNAs, appriomately 2 kb for uPA and 3 kb abundant in all the fetal tissues (Fig. 2c). The sense probes for

for PAI-1 (Fig. la). The steady-state level of uPA mMRNA wasiPA and PAI-1 did not generate any hybridization signals

low during the first 5 days of pregnancy, was highest on Dgig. 2, b and d).

7 of pregnancy, and declined thereafter (Fig. Ib). The ratio of

uPA mRNA to 18S rRNA was higher on Day 7 than on otheAbundance of uPA mRNA in Uterine Tissues of

days examined (p < 0.05). The abundance of PAI-1 mRNAR&seudopregnancy

was low during the first 5 days of pregnancy, gradually To determine whether or not expression of uPA and PAI-1

increased from Day 7 of pregnancy, and was highest in theRNAs in the decidalized tissues is dependent on the

maternal placenta on Day 15 of pregnancy (p < 0.05). presence of live conceptuses, Northern blot analysis was
carried out on total RNA from artificially induced deciduo
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been observed during decidualization in the mouse and rat
a b [4-6,22]. Messenger RNA encoding a 72-kDa metallopro-
’ teinase (gelatinase A) is present in the mouse decidua around
R L | the time of embryo implantation [23]. Studies of human en-
y dometrium have demonstrated the presence of many types of
ECM-degrading enzymes, in addition to uPA, and these en-
- ' P zymes are controlled by estrogen and progesterone [7, 8, 24].
The presence of high levels of uPA mRNA on Day 7 corre-
sponds to the phase of active trophoblast invasion [2, 3]. Tro-
—L| |_[_| phoblast cells at this stage of pregnancy begin to express many

FRM

145

iRH

Ratio of

ECM-degrading enzymes [15,25-27]. In addition to uPA, a

3 105-kDa metalloproteinase (gelatinase B/MP-9) has been
" .1 --..-.-r: WL " :cocalize_d to[;r%phfbla?t ctells in]c thte;] ectopI?Cﬁantaltcpne region
. o . rom mice . Localization of other metalloproteinases in
FIG. 3. Northern blot analysis of total RNA from rat endometrial/decidual - : : P - -
tissues on various days ofypseudopregnancy. Kidney RNA from a female the |mplantat|0_n site has not been ln\_/estlgated. The decidual.
nonpermanent rat was included as a control. Ten micrograms total RNA ~ UPA, along with other ECM-degrading enzymes, probably
was loaded to each lane. The same membrane was sequentially  Plays an important role in tissue remodeling events, including
hybridized with [**P]-labeled cDNA probes for uPA, PAI-1 (data not shown  the invasion of trophoblast cells, the infiltration of
owing to undetectable hybridization), and 185 rRNA cDNA. a)  blood-borne cells into the decidua, and angiogenesis within
iia\mg?lj?c!)gr?c‘ijigg?;p’\:grtq'egg :J;gtoso ?%‘?{?\:‘;‘tt%mlestgcr?{’;\lak’sifn°f thrfe e~ the decidua [21]. However, uPA does not have an obligatory
cate autore - ormalized 1o role in embryo implantation, since inactivation of the uPA
Day 3= 1. Compared with values on other days, p < 0.05. gene in the mouse fails to prevent embryo implantation [28].
One of the possible functions of the decidua is to limit the
rIEvasive activity of the trophoblast [29]. Inhibitors of

ma. The changes in the abundance of uUPA MRNA in en- . ¢ . ; -
. ! . ; . M-degrading enzymes may mediate this decidual function.
dometrial/deciduoma tissues were consistent with those fou okinase-type PA activity is controlled by many natural

ﬁ)‘\lﬂs";ﬂ ’E)Ztusr%l g;%ggag‘fcy'se'fd’otﬁg Iﬁ;ﬁLOfrgzghij;\lAegE?nhibitors, including PAI-1 [9, 30]. In the present study the
Day 7 ané’ decreased bp Da 20 g(]Fi 32/) The ratio 8f uPI Uel of PAI-1 mRNA in the decidua began to increase from
mRyNA: to 18S IRNA wasysi n%:‘icantl %i hér on Dav 7 than>®&Y 7, when the trophoblast begins to invade [3], and reached

9 yhig y %he highest level on Day 15 of pregnancy, when the decidua is

e e et ansiommed into the maternal placenta’ Simiar paterns o
any stage of pseudopregnancy hange in the levels of tissue inhibitors of metalloproteinases-
' 1 and -2 have been found within the implantation sites of
DISCUSSION mice [23]. These findings suggest that the decidual production
of inhibitors of ECM-degrading enzymes increases as
Urokinase-type PA is secreted by rat endometrial stroméiophoblast invasion progresses. Endometrial cells at the
cells during decidualization in vitro, and this secretion iveginning of decidualization probably lack the ability to resist
controlled by de novo-synthesized prostaglandirttat acts trophoblast invasion. Instead, the endometrial cells that have
to increase steady-state levels of uPA mRNA [10]. It igust begun decidualization are capable of altering certain types
necessary to determine whether uPA mRNA is present if ECM in vitro [31]. This activity is probably needed for
decidual cells in vivo because UPA gene expression in sorrgorganization of the endometrium as decidualization
cell types can be induced by artifacts resulting from in vitrgrogresses. In addition to controlling invasion of the
manipulations [9]. The present study demonstrated that uRrophoblast cells, PAI-1 may also control angiogenesis within
mRNA is present in decidual cells in vivo. The increase in itthe decidua and maternal placenta [19]. In the present study,
abundance on Day 7 of pregnancy is consistent with tH8Al-1 mRNA was localized in the decidual cells by in situ
increase in UPA secretion in vitro by stromal cells at thbybridization, consistent with previous findings [19].
corresponding stage of decidualization [10]. In sittHowever, more PAI-1 transcripts were found in the fetal
hybridization studies confirmed the localization of uPAtissues and trophoblast cells. Plasminogen activator inhibitor-I
mRNA to the decidual cells on Day 7, consistent with findof trophoblast origin may also be required for the control of
ings from in situ hybridization studies of the mouse decidua #tvasive activity. Plasminogen activator inhibitor-1 antigen is
similar stages of pregnancy [18, 19]. localized by immunocytochemistry in the human invading
The increase in the abundance of uPA mRNA on Day 7 ¢fophoblast cells and fetal tissues [32]. Moreover, PAI-1
pregnancy is independent of the presence of implantingroduction is increased in the less invasive trophoblast cells
embryos, since similar increases were observed in oil-inducé@®m patients suffering peclampsia, further suggesting its
deciduomal tissues. This agrees well with the increase in uRale in controlling trophoblast invasion [33].
secretion in  endometrial stromal cells undergoing In the in vitro-decidualized cells from rats, PAI- 1 mRNA
decidualization in vitro in the absence of embryos [10]. Takeils present at a stage that is equivalent to Day 7 of pseu-
together, these findings suggest that the uPA secretion depregnancy, but its abundance was not controlled by pros-
controlled by one or more endogenous factors in the decidualglandin E [10]. Surprisingly, little PAI-1 mRNA was de-
cells and that prostaglandin B probably one such factor. tected in the endometrial or deciduomal tissues from pseu-
Urokinase-type PA expression has been associated with tispregnant rats. The reason for the low steady-state levels of
sues that undergo the tissue remodeling process, as seen @1 mMRNA in the deciduomal tissues is unknown. It is
ing tissue invasion, inflammation, and angiogenesis [9, 20fempting to suggest that the abundance of PAI-1 mRNA in
The decidualization process involves extensive tissue remaodecidual cells in vivo may be controlled by the development
eling [21]. The breakdown of ECM in the endometrium has of the conceptus, since 1) its level is low in deci
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duomal tissues and 2) its increase at later stages of pregnancysion of plasminogen activator genes and enzymatic activities in rat

coincides with the cessation of trophoblast invasion. However, th
possibility cannot explain the detection of PAI-1 mRNA in stroma
cells undergoing decidualization in vitro, which could be a resuli7.

of an artifact of in vitro cultures [9]. The conceptus may regulate
PAI-1 through various pathways. The trophoblast cells may induce

PAI-1 expression directly by secretion of transforming growth facls-

tor-beta [34, 35], which is known to specifically up-regulate PAI-1

[36, 37]. Since PAI-1 expression is associated with angiogenesjg

[19, 38], the presence of the conceptus may induce PAI-|
expression indirectly by increasing angiogenic activity within the

decidua/maternal placenta.
In summary, the present study demonstrated that uPA and

PAI-l mRNAs are present in the rat decidual cells at differenj,

stages of pregnancy, and their expression is probably differentially
controlled by factors from different tissues. It is important to note2.

that the PA/plasmin system is only a part of the biochemical
mechanism of the control of ECM turnover. Various types of

metalloproteinases are also implicated in this process. Furttfer
studies are needed for an understanding of the control and function
of UPA, in conjunction with metalloproteinases, in the uterineg.

tissue during embryo implantation.

25.
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