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cyst, seem to occur in response to the blastocyst (1, 2).
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Indoleamine 2,3-dioxygenase (IDO) is expressed in
rophoblasts and defends the conceptus against rejec-
ion by reducing the tryptophan level and suppressing
he T cell activity. We isolated a cDNA for trypto-
han 2,3-dioxygenase (TDO), another key catabolizing
nzyme of tryptophan, from a mouse uterus cDNA li-
rary enriched with pregnancy-induced genes. North-
rn blot and in situ hybridization analyses demon-
trated that the TDO mRNA was induced in the
ecidualized stromal cells around the implanted em-
ryo at the time of implantation. The expression was
hen upregulated and primarily localized at the me-
ometrial decidua. TDO mRNA was induced by decid-
oma formation as well as embryo transfer but not by
varian steroid hormones. These findings demon-
trated that TDO is induced in the endometrial stro-
al cells concomitant with decidualization and sug-

ested its involvement in the implantation process by
egulating the tryptophan level at the implantation
ite. © 2000 Academic Press

Key Words: tryptophan 2,3-dioxygenase; mouse; en-
ometrial stromal cell; implantation; in situ hybrid-

zation.

Successful implantation and development of embryo
equire complex interactions between the embryo and
he uterus. In the mouse, when a blastocyst reaches to
he uterus 4 days after fertilization, the uterine endo-
etrium becomes receptive to implant by the embryo

1, 2). After the attachment of embryo, endometrial
tromal cells proliferate and differentiate to decidua
ells, which is called decidualization. Though these
rocesses are regulated by a timely interplay of the
aternal hormones, estrogen and progesterone, some

ndometrial changes, such as increased permeability of
he subepithelial capillaries surrounding the blasto-
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opyright © 2000 by Academic Press
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lthough signals and molecular pathways to regulate
hese phenomena have been gradually recognized,
mong these are cell surface adhesion molecules, cyto-
ines and growth factors and their receptors (3–5), the
echanism of the complex series of interactions re-

uired for implantation is still largely unknown.
We previously used the complementary DNA (cDNA)

ubtractive hybridization technique and demonstrated
hat calcium binding protein D-9k mRNA is induced in
he endometrial epithelia under the control of proges-
erone and that its level is reduced by the presence of
mbryo in the glandular epithelia (6). In the present
tudy, we performed another set of subtractive hybrid-
zation and identified one of the pregnancy-induced
enes as the tryptophan 2,3-dioxygenase (TDO) gene.
DO, a tetrameric hemoprotein consisting of four
quivalent subunits and two protoheme IX, is the key
egulatory enzyme that degrades tryptophan into
-formylkynurenine by catalyzing the insertion of mo-

ecular oxygen into the 2,3-bond of the indole moiety of
-tryptophan (7). It is reported to be expressed in the
iver, brain (8), and skin (9), and induced by glucocor-
icoid (10). Recently, another tryptophan catabolizing
nzyme, indoleamine 2,3-dioxygenase (IDO), has been
eported to be expressed by trophoblasts and defend
he conceptus against rejection by suppressing the T
ell activity (11). In this study, we examined the ex-
ression profile of TDO mRNA in the uteri of non-
regnant and early pregnant mice, especially during
mplantation period. We also investigated the effect of
teroid hormones on the induction of TDO mRNA.

ATERIALS AND METHODS

Animals. Male and female CD-1 mice were obtained from
harles River Japan Inc. (Kanagawa, Japan). Six-week-old females
ere mated with adult males, and the presence of vaginal plug after
ating was designated day 1 of pregnancy. Pseudopregnant mice
ere prepared by mating with vasectomized males. Estrus stage was
scertained by examining vaginal smears. Experiments were con-
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se of Research Animals promulgated by the Society for the Study of
eproduction.

Construction of a subtracted cDNA library. The cDNA subtrac-
ion was performed as described previously (6, 12) with some
odifications. Total RNA was extracted from the uteri of mice at

seudopregnancy day 6 or pregnancy day 6 by acid-guanidinium-
henol-chloroform method using Trizol Reagent (Life Technologies,
ockville, MD) according to the manufacturer’s protocol. Polyadenyl-
ted (poly(A)1) RNA was prepared using a mRNA Purification kit
Pharmacia, Piscataway, NJ). After the synthesis of a double
tranded cDNA from each poly(A)1 RNA using a Time Saver cDNA
ynthesis kit (Pharmacia), suppression subtractive hybridization
as performed using a PCR Select Subtraction kit (Clontech, Palo
lto, CA) according to the manufacturer’s protocol. The subtracted
DNAs were cloned into pBluescript SK(2) plasmid (Stratagene, La
olla, CA), and the cDNA sequence of each clone was determined
sing autosequencer DSQ-1000 (Shimadzu, Kyoto, Japan).

Northern blotting. Total RNA (10 mg/lane) from uteri of mice was
lectrophoresed on a 1.0% agarose-formaldehyde gel and transferred
o a nylon membrane (Hybond-N1, Amersham, Arlington, IL). The
embrane was incubated with prehybridization solution (Rapid Hy-

ridization Buffer, Amersham) for 30 min at 65°C, and then hybrid-
zed with the 32P-labeled probes for 2 h at 65°C in the same solution.
fter hybridization, the filter was washed in 2 3 standard saline
itrate (SSC) at room temperature for 5 min, followed by 0.2 3 SSC
nd 0.1% sodium dodecyl sulfate at 65°C for 30 min, and then
ubjected to autoradiography. The membrane was washed and rehy-
ridized with mouse b-actin probe or stained with methyleneblue to
orrect for the amount of loaded RNA.

In situ hybridization. In situ hybridization was performed as
escribed previously (6). Briefly, a plasmid containing the murine
DO cDNA was linearized with the appropriate enzymes to provide
ense and antisense templates. Digoxigenin-labeled single strand
NA probes were transcribed with T3 or T7 RNA polymerase, using
DIG RNA Labeling kit (Boehringer Mannheim Biochemica, Mann-
eim, Germany). Tissues were fixed with freshly prepared 4% para-
ormaldehyde in 0.1 M PBS for 24 h, and then embedded in polyester
ax after dehydration. The tissues were cut into 4 mm thick sections.
efore hybridization, the sections were dewaxed and hydrated with
graded ethanol series, fixed with 4% paraformaldehyde for 15 min,
nd pretreated successively with proteinase K, 0.2 N HCl, and 0.25%
cetic anhydride in 0.1 M triethanolamine. The sections were dehy-
rated and air-dried. Hybridization was then carried out for 16 h at
0°C with approximately 0.5 mg/ml digoxigenin-labeled RNA probes
n 50% formamide, 10% dextran sulfate, 10 3 Denhardt’s solution,
00 mM NaCl, and 250 mg/ml E. coli transfer RNA. After hybridiza-
ion, the sections were treated with ribonuclease A (1 mg/ml) at 37°C
or 30 min and washed twice in 2 3 SSC and 0.2 3 SSC for 20 min
ach at 50°C. The hybridized digoxigenin-labeled probe was visual-
zed with a Nucleic Acid Detection kit (Boehringer Mannheim). Hy-
ridization with the sense probe was carried out at the same time
nder identical conditions and served as a negative control.

Treatment of mice with sex steroid hormones. Oophorectomy was
erformed under anaesthesia with nembutal (Dainabot, Osaka, Ja-
an) as described (13). Progesterone and 17b-estradiol (Sigma, St.
ouis, MO) were dissolved initially in 100% ethanol and then diluted

n sesame oil. Two weeks after the oophorectomy, the mice were
iven an injection subcutaneously with progesterone (2 mg/mouse)
nd/or estradiol (1 mg/mouse). The animals were killed by cervical
islocation 24 h after the injection, and their uteri were collected for
NA isolation. Oophorectomized mice injected with vehicle (sesame
il) alone served as a control. Two animals were used for each
reatment group in these experiments.

Embryo transfer and the induction of deciduoma. Embryo trans-
er experiment was performed as described previously (6). Donor
167
ice were injected intraperitoneally with pregnant mare serum go-
adotropin (Teikoku Zoki, Tokyo, Japan) (5 IU/mouse) followed by
uman chorionic gonadotropin (Teikoku Zoki) (5 IU/mouse) 48 h

ater to induce ovulation, and mated with male mice. Blastocysts
ere collected by flushing the uteri of donor mice on pregnancy day
. The recipient pseudopregnant mice were prepared by natural
ating. On pseudopregnancy day 4, 10 blastocysts were transferred

o the left uterine horn of the recipient mice. The medium without
lastocysts was injected to the right horn of the same animals as a
ontrol. To induce the deciduoma, sesame oil was transferred to
ecipient mice in place of blastocysts. Uteri were collected 36 h later,
xed in 4% paraformaldehyde and used for in situ hybridization.
hree recipients were prepared for embryo transfer experiment and
wo animals were used for deciduoma.

ESULTS

solation of TDO Partial cDNA Clone (S-34)

After analyzing the subtracted cDNA library of
ouse uterus enriched with pregnancy-induced genes,
e isolated one clone (clone S-34). Northern blot anal-
sis using the clone S-34 as a probe revealed two dis-
inct transcripts in the pregnancy day 6 uterus
hereas no band was detected in the pseudopregnancy
ay 6 uterus (Fig. 1A). The nucleotide sequence of the
82-bp insert of this clone was determined, which

FIG. 1. Northern blot analysis of expression of TDO mRNA in
he mouse uterus. Ten mg of total RNA from uteri of mice were
nalyzed using a 32P-labeled clone S-34 (TDO cDNA) as a probe
upper panels). b-actin cDNA was also used as a probe to correct
or the amount of RNA loaded (lower panels). (A) Expression in the
teri of mice on pseudopregnancy day 6 (lane 1) and pregnancy
ay 6 (lane 2). (B) Expression in the uteri of mice at diestrus
hase (lane D), estrus phase (lane E), and pregnancy days 1 to 7
lanes 1 to 7, respectively). Results are representative of two sepa-
ate experiments.
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howed more than 98% identity with that of the mouse
DO cDNA (GenBank Accession No. U24493). Thus,
e concluded that the clone S-34 was a TDO partial

DNA clone.

orthern Blot Analysis of TDO Expression
in the Uteri during Early Pregnancy

To examine uterine TDO mRNA expression during
arly pregnancy and pseudopregnancy, Northern blot
nalysis was carried out. In the uteri of non-pregnant
nd pregnancy day 1, 2, 3, or 4 mice, the TDO mRNA
xpression was not detected. On pregnancy day 5, the
xpression of TDO mRNA was observed, which in-
reased until day 7 (Fig. 1B). In pseudopregnant mice,
o TDO expression was detected throughout the obser-
ation period (data not shown).

n Situ Hybridization Analysis of TDO mRNA
in the Uteri during Early Pregnancy

By in situ hybridization histochemistry, TDO mRNA
as detected in the stromal cells around the implanted

FIG. 2. In situ hybridization analysis of TDO mRNA expression
n mouse uterus. Sections of the uterus made from mice on preg-
ancy day 6, 7, 8, or 9 were hybridized with antisense probe (A, B, C,
nd D, respectively) or sense probe (E, F, G, and H, respectively) for
ouse TDO. Expression was observed in the endometrial stroma.
ybridization with sense probe did not give significant signals. emb:

mbryo, m: mesometrium, pl: placenta. Bars: 100 mm.
168
estation (Fig. 2A). On day 7 of gestation, strong TDO
RNA signal was observed throughout the endome-

rial stroma surrounding the implanted embryo (Fig.
B). There was no TDO mRNA signal in the embryo
roper and the differentiated endometrium immedi-
tely adjacent to the embryo. On day 8 of gestation, the
ignal was decreased in the stromal layer of anti-
esometrial region (Fig. 2C). On day 9 of gestation, the

ignal was primarily localized at the mesometrial de-
idua around the placenta (Fig. 2D). No specific signal
as observed when sections were hybridized with a

ense TDO probe (Figs. 2E–2H).

ffects of Progesterone and Estradiol on the
Expression of TDO mRNA in the Uteri
of Oophorectomized Mice

To determine whether the TDO mRNA expression is
egulated by sex steroid hormones in the uterus, we
dministered progesterone and/or estradiol to oopho-
ectomized mice. By Northern blot analysis, no induc-
ion of TDO mRNA was observed with progesterone
or estradiol (Fig. 3).

ffects of the Presence of Embryo on the Expression
of TDO mRNA in the Uterus

To determine whether TDO mRNA expression in the
ecidualized endometrial stromal cells is affected by
he presence of embryo, we transferred blastocysts into
he uterus of mice on pseudopregnancy day 4. In situ
ybridization analysis showed that the endometrial
tromal cells at the implantation site expressed TDO
RNA 36 h after the embryo transfer (Fig. 4A). The

nduction was not observed in the control horn of the
ame animal (data not shown). The endometrial stro-

FIG. 3. Effects of progesterone and estradiol on the TDO mRNA
xpression in the uterus of oophorectomized mice. Ten mg of total
NA from the oophorectomized mice injected with vehicle alone

lane 1), progesterone (lane 2), estradiol (lane 3), or progesterone,
nd estradiol (lane 4) were subjected to Northern blot analysis using

32P-labeled TDO cDNA probe (upper panel). Uterine RNA from
regnancy day 6 mice was also hybridized as a positive control (lane
). The membrane was stained with methyleneblue to visualize and
ssess the amount of 18S and 28S ribosomal RNAs (lower panel).
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al cells in deciduoma also expressed TDO mRNA
Fig. 4B). Thus, the expression of TDO mRNA in the
ndometrial stromal cells was correlated with the pres-
nce of decidualization and not embryo.

ISCUSSION

Tryptophan is an essential amino acid which is used
y vertebrates in protein synthesis and as a precursor
o serotonin, melatonin, kynurenine, and quinolinic
cid. Tryptophan can be metabolized to n-formyl-
ynurenine by either IDO or TDO (14). Further catab-
lism of n-formylkynurenine yields kynurenine and
uinolinic acid. Although both IDO and TDO degrade
ryptophan via the same pathway, they are different
roteins (15). Besides tryptophan, IDO is induced by
nterferon-g (16), while TDO is induced by glucocor-
icoid in the liver (17). L-tryptophan is the only sub-
trate of TDO (18), whereas IDO metabolizes D- and
-tryptophan as well as other indoleamines (19).
hough IDO is present in many tissues including
rain, lung, placenta, epididymis, and intestine (20),
DO has been observed in liver, brain, and skin in the
at. Thus, two pathways of tryptophan catabolism may
ontrol the amount of tryptophan in the tissues, and
oncurrently regulate, especially in the brain, the level
f serotonin or melatonin (8). To our knowledge, this is
he first report that TDO mRNA was induced in the
ecidualized endometrium around the embryos at the
ime of implantation. TDO mRNA was not induced by
ex steroid hormones, although they are the most ef-
ective factors for endometrial differentiation. The
resence of embryo was demonstrated to induce TDO
RNA in the decidualized endometrium. TDO mRNA
as also induced in artificially-formed deciduoma,
hich consists of the endometrial stromal cells decidu-
lized functionally and morphologically similar to
hose at the implantation site. These findings indicated
hat the induction of TDO was due to the decidualiza-

FIG. 4. In situ hybridization analysis of TDO mRNA expression
n the uterus transferred with embryo or deciduoma. TDO mRNA
as expressed in the decidualized endometrial stromal cells both of
mbryo-transferred uterus (A) and oil-induced deciduoma (B). Bars:
0 mm.
169
ignals.
Several reports have suggested that tryptophan ca-

abolism contributes to successful pregnancy. IDO is
xpressed by human syncytiotrophoblast cells (21), and
ystemic tryptophan concentration falls during normal
regnancy (22). On the other hand, certain macro-
hages, induced to express IDO in response to
nterferon-g or other signals from activated T cells,
nhibit T cell proliferation in vitro by rapidly consum-
ng tryptophan (23). Munn et al. (11) examined the
hysiological role of IDO in the early pregnancy using
pharmacologic IDO inhibitor, 1-methyl-tryptophan,

nd demonstrated that IDO expression at the
aternal-fetal interface is necessary to suppress T cell

ctivity and prevent immunological rejection of fetal
llograft. In mice, IDO transcripts were detected in
oncepti from 8 to 10 days post coitus. At later gesta-
ion time, IDO transcripts were detected in placenta
ut not in maternal uterus or embryonic tissues. We
emonstrated that TDO mRNA was expressed in the
ecidualized endometrium around the implanted em-
ryos. Thus the tryptophan level around the implanted
mbryo is expected to be regulated by dual factors,
DO as a maternal factor and IDO as an embryonic

actor, at the maternal-fetal interface to prevent im-
unological rejection of embryos.
Tryptophan homeostasis has been suggested to be

articularly important during preimplantation period.
or example, preimplantation blastocysts have five
ood systems for transport of tryptophan that contrib-
te to homeostasis of this amino acid (24). High tryp-
ophan level in culture medium has inhibitory effect on
he in vitro development of 1-cell embryo to blastocyst
ven at 0.05 mM in protein-free culture medium (25).
he present findings suggest that, besides its immuno-

ogical role, the decidual TDO prevents the toxicity of
ryptophan by reducing the tryptophan level in the
mplantation site. Considering the role played by IDO
n human pregnancy, the expression and the role of
DO should be investigated in human endometrium.
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