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SMAD2 and SMAD4 are intracellular transducers of TGF-� superfamily. In situ hybridization and semi-quantitative RT–PCR
were employed to determine the temporal and spatial expression of Smad2 and Smad4 mRNA in mouse uterus during the oestrous
cycle and early pregnancy. Smad2 mRNA was predominantly present in the luminal and glandular epithelium at dioestrus and
prooestrus, while Smad4 expression was at a steady level in the luminal and glandular epithelium throughout the oestrous cycle.
During pre-implantation period, Smad2 hybridization signals were accumulated in the luminal and glandular epithelium at a basal
level; Smad4 mRNA appeared in the epithelium with a little variation in hybridization signal intensity. After implantation, on day
5 of pregnancy, Smad2 signals were localized to the subluminal stroma surrounding the implanting blastocyst, and Smad4 mRNA
were accumulated in the decidua near the luminal epithelium. Both Smads were present in the decidua on days 6–7 with a switch
from the mesometrial pole to the antimesometrial pole. RT–PCR results showed that both Smad2 and Smad4 mRNA levels were
rising during peri-implantatation. The results suggest that Smad2 and Smad4 might be involved in the cycling changes of mouse
uterus during the oestrous cycle and embryo implantation.
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INTRODUCTION

The mammalian uterus is composed of heterogeneous cell-
types, mainly including luminal and glandular epithelium,
stroma and endothelium. During the oestrous/menstrual cycle
and the establishment of pregnancy, the cells of the endo-
metrium undergo remarkable cyclic growth, breakdown and
remodelling. The cyclic changes of the endometrium are
regulated by ovarian steroids; moreover, many of these pro-
cesses are influenced by cytokines and growth factors, among
which TGF-� superfamily members play an important role
[1–3].

The TGF-� superfamily is a large group of extracelluar
growth factors with key roles in various biological processes,
including cell growth, proliferation and differentiation, angio-
genesis, apoptosis, and extracellular matrix remodelling [4–6].
The TGF-� superfamily can be subdivided into several
subfamilies: TGF-� isoforms, the bone morphogenetic pro-
teins (BMP), the activins, and muellerian inhibitory substance
(MIS), etc. Homo- or hetero-dimers of the TGF-� family
ligands bind to and activate two types of transmembrane
serine/threonine kinase receptors, which then stimulate down-
stream regulatory SMAD proteins to localize from the cyto-

plasm to the nucleus where they can function as transcriptional
regulators [4,7,8].

Up to now, eight mammalian SMAD gene counterparts
have been identified and are referred to as SMAD1 through
SMAD8. Based on structural and functional considerations,
SMADs can be divided into three subgroups: receptor-
regulated SMADs, including SMAD1, SMAD2, SMAD3,
SMAD5 and SMAD8 [9–11]; a common signalling partner,
SMAD4 [42]; and inhibitory SMADs, such as SMAD6 and
SMAD7 [12,13]. Members of the SMAD family play different
roles in TGF-� superfamily signalling. Several experiments
indicated that SMAD1, SMAD5 and SMAD8 are mediators
of BMP signals, whereas SMAD2 and SMAD3 mediate
TGF-� and activins signalling [14–17]. SMAD4 forms a
complex with SMAD2 and SMAD3 when activin or TGF-�
pathways are activated, or forms a complex with SMAD1,
SMAD5, and SMAD8 when BMP pathways are activated, and
thus serves as a common mediator in BMP, activin, and
TGF-� signalling pathways [18,19].

Potential roles of TGF-� have been identified in reproduc-
tion [20]. Expression of TGF-� in endometrium has been
characterized in a small number of species during pregnancy
and in fewer during the oestrous and menstrual cycle [21–29].
However, SMADs, as the intracellular mediators of TGF-�,
were not well investigated in uterus. Smad1 mRNA was found
to be expressed in mouse decidua and might be involved in
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decidual angiogenesis [30]. Recently, Lin et al. reported that
Smad2 and Smad4 was expressed in rhesus monkey endo-
metrium during the menstrual cycle and early pregnancy [31].

To better understand the function of SMADs in endo-
metrium, we examined the temporal and spatial expression
patterns of Smad2 and Smad4, prototypic signal transducers
for the TGF-�/activin signalling pathway, during mouse
oestrous cycle and early pregnancy by using in situ hybridiz-
ation and reverse transcription–polymerase chain reaction
(RT–PCR).

MATERIALS AND METHODS

Animals and tissue collection

All procedures involving animals were carried out in accord-
ance with the Guiding Principles for the Care and Use of
Research Animals for the Study of Reproduction filed by the
State Key Laboratory of Reproductive Biology, Institute of
Zoology, Chinese Academy of Sciences.

Adult male and female mice of Kunming White strain were
provided by the Experimental Animal Center of Institute of
Zoology, Chinese Academy of Sciences. They were bred
randomly under a controlled environment with a photoperiod
of 12-h light and 12-h dark and a temperature ranging from
20–25(C. The various stages of the oestrous cycle were
determined by vaginal smears. To set up mating, a female
mouse was caged with a male overnight. The day of the vaginal
plug being found was designated as day 1 of pregnancy.
Pregnant female mice on days 1–7 of pregnancy were killed by
cervical dislocation. Cyclic and pregnant uteri were divided
into two parts, respectively. One part was snap-frozen in liquid
nitrogen and stored at �80(C for RNA extraction and the
other was immediately embedded in embedding medium
(Triangle Biomedical Sciences, Durham, NC, USA) and
stored at �20(C for in situ hybridization.

In situ hybridization

In situ hybridization was performed as described previously
[32]. In brief, the 10-µm thick frozen sections on poly--lysine
coated slides were quickly thawed and fixed in 4 per cent
paraformaldehyde for 15 min at room temperature. The slides
were washed for 2�15 min in PBS containing 0.1 per cent
active DEPC, and then in 5�SSC (1�SSC is 0.15  NaCl,
0.015  sodium citrate) for 15 min. The slides were then
prehybridized in prehybridization solution containing 50 per
cent deionized formamide, 5�SSC, and 120 µg/ml salmon
sperm DNA (Sigma Chemical Co., St Louis, MO, USA) for
2 h at 56(C.

Hybridization was carried out at 50(C in prehybridization
solution containing 400 ng/ml denatured probes for 18 h in a
moist chamber. Hybridization probes synthesis was carried out
as described previously [31]. The slides were then serially

washed in 2�SSC at room temperature for 30 min, in
2�SSC at 65(C for 1 h, and in 0.1�SSC at 65(C for 1 h.
Slides were rinsed in buffer A (100 m Tris, 150 m NaCl,
pH 7.5), and then incubated at room temperature for 2 h with
anti-DIG-alkaline phosphatase antibody (1 : 3000, Roche
Molecular Biochemicals, Mennheim, Germany) in buffer B
(buffer A containing 0.5 per cent blocking reagent). The slides
were further washed in buffer A for 2�15 min before
equilibration in Buffer C (100 m Tris, 100 m NaCl, 50 m
MgCl2, pH 9.5) for 5 min.

The hybridization signal was visualized with nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
(Boehringer-Mannheim, Indianapolis, IN, USA). To remove
nonspecific staining, slides were rinsed in 95 per cent ethanol
for 30 min. The sense probes were used as negative controls
for background levels. The results were recorded with SPOT
digital camera system (Diagnostic, instruments, Inc., USA).

RT–PCR analysis of Smad2 and Smad4 mRNA in

mouse uteri

Total RNA was extracted from mouse uteri with Trizol
reagent (Gibco BRL Life Technologies Inc., Rockville, MD,
USA) according to the manufacturer’s instructions. The
cDNA was synthesized using Superscript II reverse tran-
scriptase (Gibco) and oligo dT from 2 µg of total RNA. The
reaction was carried out at 42(C for 50 min and 70(C for
15 min. In the PCR analysis, the cDNA was amplified by
30 cycles (denaturing at 94(C for 45 sec, annealing at 55(C for
45 sec, and elongating at 72(C for 45 sec) using Smad2, and
Smad4 primers, respectively. Smad2 primers were 5#-CTCG
GCACACAGAGATTC-3# and 5#-CGACTGAGCCAGAAG
AGC-3#, and the anticipated size of amplified fragment was
650 bp. Smad4 primers were 5#-GAGAGCAAGGTTGCACA
TAG-3# and 5#-AATCTCAATCCAGCACGG-3#, with the
anticipated size of 451 bp.

The 25 µl PCR system contained 2 µl of RT products,
200 µ dNTP, 2 m MgCl2, 1 U Taq polymerase and
10 pmol of each Smad2 and Smad4 primers, respectively. The
PCR system devoid of template cDNA was included as
negative control. �-actin was amplified as internal control
(primers were 5#-GTGGGGCGCCCCAGGCACCA-3# and
5#-CTCCTTAATGTCACGCACGATTTC-3#) with the
expected size of 548 bp. The PCR products were electro-
phoresed on a 1 per cent (w/v) agarose gel containing
0.5 µg/ml of ethidium bromide, and the sizes of the products
were determined by comparison with a 2-kD DNA marker
(Takaka Corp., Dalian, China). The intensities of Smad2,
Smad4 and �-actin RT–PCR products were analysed using
MetaView image analysing system (version 4.5, Universal
Imaging Corp., USA). The relative concentrations of uterine
Smad2/Smad4 mRNA during mouse oestrous cycle and early
pregnancy were expressed as the ratio of densitometric
readings for Smad2/Smad4 to �-actin mRNA.
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Statistics

All values are presented as mean�. Statistical comparisons
among groups were analysed by one-way ANOVA followed by
Student’s t-test using SPSS software package (version 10.0.1,
SPSS Inc., Chicago, IL, USA). A value of P<0.05 was
considered significant.

RESULTS

Temporal and spatial distribution patterns of

Smad2 and Smad4 mRNA during the oestrous cycle

The expression patterns of Smad2 and Smad4 mRNA during
the oestrous cycle was investigated by in situ hybridization.
Sense probes for both genes showed no specific hybridization
signals in any sample investigated (data not shown).

At dioestrus and prooestrus, a high level of Smad2 mRNA
was found to be predominantly present in the luminal and
glandular epithelium, the hybridization signals were also
present in the stroma at a relatively lower level (Figure 1A
and B). A low level of Smad2 mRNA was detected in the
luminal and glandular epithelium at oestrus and metoestrus
(Figure 1C and D).

Different from Smad2, Smad4 mRNA was constitutively
expressed in the glandular and luminal epithelium throughout
the oestrous cycle (Figure 1E–H).

Temporal and spatial distribution patterns of

Smad2 and Smad4 mRNA during early pregnancy

To examine the expression patterns of Smad2 and Smad4
mRNA in the endometrium during early pregnancy, the uteri

Figure 1. In situ hybridization for Smad2 and Smad4 mRNA in mouse uterus during the oestrous cycle. Uteri were collected from mice at dioestrus (A and E),
prooestrus (B and F), oestrus (C and G) and metoestrus (D and H), respectively. A–D, Smad2; E–H, Smad4. le, luminal epithelium; ge, glandular epithelium.
Bar: 200 µm.
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on days 1 to 7 of pregnancy were collected for in situ
hybridization. No specific hybridization signals of both Smad2
and Smad4 sense probes were found on any sample detected,
shown as Figure 2H and Figure 3H, respectively. A basal level
of Smad2 mRNA appeared in the luminal and glandular
epithelium from days 1 to 4 of pregnancy (Figure 2A D). On
day 5 of pregnancy, a strong level of Smad2 signals was
observed in the subluminal stroma surrounding the implanting
blastocyst, although there was a low level of signals in
subluminal epithelial stroma at the antimesometrial side

(Figure 2E). On day 6 of pregnancy, the hybridization signals
were detected primarily in the primary decidual zone (PDZ)
(Figure 2F), whereas on day 7, the signals were mainly in the
secondary decidual zone (SDZ), and the signal intensity at the
antimesometrial side was higher than that at the mesometrial
side (Figure 2G).

As a whole, the signals for Smad4 mRNA in the endo-
metrium during early pregnancy were stronger than that of
Smad2 at the corresponding time. As shown in Figure 3, the
hybridization signals for Smad4 was mainly located to the

Figure 2. In situ hybridization for Smad2 mRNA in mouse uterus during early pregnancy. Uteri were collected from mice at day1 (A), day 2 (B), day 3 (C), day
4 (D), day 5 (E), day 6 (F) and day 7 (G). H, day 1, sense. le, luminal epithelium; ge, glandular epithelium; bl, blastocyst; SDZ, secondary decidual zone.
Bar: 200 µm.
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luminal and glandular epithelium on day 1 of pregnancy
(Figure 3A), but only a basal level of Smad4 mRNA signal
was observed on day 2 (Figure 3B). Moderate intense signals
were present again on day 3 (Figure 3C), and the signal
intensity was increased in the luminal and glandular epi-
thelium on day 4 (Figure 3D). After implantation on day 5,
the hybridization signals were accumulated in the decidua
near the luminal epithelium (Figure 3E). On day 6, the

intense signals were found to be localized to an extensive
decidua, and clearly the signal intensity at the meso-
metrial side was higher than that at the antimesometrial side
(Figure 3F). With the progression of decidualization, the
signals in PDZ at the mesometrial side decreased on D7, but
strong signals switched to SDZ at the antimesometrial
side and the area near the blastocyst implantation site
(Figure 3G).

Figure 3. In situ hybridization for Smad4 mRNA in mouse uterus during early pregnancy. Uteri were collected from mice at day1 (A), day 2 (B), day 3 (C), day
4 (D), day 5 (E), day 6 (F) and day 7 (G). H, day 1, sense. le, luminal epithelium; ge, glandular epithelium; bl, blastocyst; PDZ, primary decidual zone; SDZ,
secondary decidual zone. Bar: 200 µm.
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RT–PCR analysis of Smad2 and Smad4 mRNA in

mouse uteri during the oestrous cycle

To gain an overview of the expression and variation of total
Smad2 and Smad4 mRNA in mouse uteri at various stages of
the oestrous cycle, semi-quantitative RT–PCR was used to
examine relative changes in Smads mRNA.

Both Smad2 and Smad4 mRNA was detected in all of the
uteri at various stages of the oestrous cycle. Representative
pictures of PCR-amplified products are shown in Figure 4A
and C, respectively. Computer-aided densitometric analysis
of the amplified bands showed that Smad2 mRNA level was
high at dioestrus and prooestrus, but significantly decreased
at oestrus and metoestrus (P<0.05, Figure 4B), whereas the

expression levels of Smad4 mRNA did not changed substan-
tially throughout the cycle (P>0.05, Figure 4D).

RT–PCR analysis of Smad2 and Smad4 mRNA in

mouse uteri during early pregnancy

To determine whether Smad2 and Smad4 mRNA fluctuates
during early pregnancy, RT–PCR analysis was performed in
mouse uteri from day 1 to 7 of pregnancy. Although the
anticipated 650 bp and 451 bp fragments of Smad2 and Smad4
were obtained in all of the samples from early pregnancy, both
Smad2 and Smad4 mRNA in mouse uteri was not substantially

Figure 4. Relative mRNA expression levels of Smad2 and Smad4 in the mouse uteri during the oestrous cycle and early pregnancy detected by RT–PCR. (A),
(C), (E) and (G) representing RT–PCR products using primers for Smads and �-actin. (B), (D), (F) and (H) are graphic representation of the relative Smads
mRNA expression levels. Values are presented as ratio of densitometric readings of Smads samples to corresponding �-actin samples. (A) and (B), Smad2 during
the oestrous cycle; (C) and (D), Smad4 during the oestrous cycle; (E) and (F) Smad2 during early pregnancy; (G) and (H), Smad4 during early pregnancy.
D, dioestrus; P, prooestrus; E, oestrus; M, metoestrus; 1–7, day 1–7 of pregnancy.
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stable. Representative pictures of both amplified products were
shown in Figure 4E–H.

Densitometric analysis of the amplified bands showed that
Smad2 expression was at a low level on day 1 and day 2, while
the level of signals was increased markedly on day 3 (P<0.05)
and remained relatively stable on day 4 (P>0.05). From day 5
to day 6, the Smad2 level was elevated (P<0.05), whereas it was
decreased again on day 7 (P<0.05).

The signal of Smad4 mRNA was detected at a low level on
day 1, then declined significantly to the minimum level on day
2 (P<0.05). Thereafter, Smad4 mRNA expression level was
increased gradually until day 5, while decreased significantly
again on days 6–7 (P<0.05).

DISCUSSION

During the oestrous cycle and the establishment of pregnancy,
the endometrium undergoes dramatic morphological changes
and extensive tissue remodelling. TGF-�s have been pre-
viously shown to stimulate extracellular matrix formation [33]
and cellular matrix binding receptors ([34,35,43], and have
been implicated as factors involved in tissue remodelling. In an
attempt to elucidate the potential role of TGF-� signalling
pathway during the oestrous cycle and blastocyst implantation,
the expression of Smad2 and Smad4, TGF-� signal transduc-
ers, was investigated in mouse uteri by in situ hybridization
and RT–PCR.

In our study, a high level of Smad2 mRNA was found to be
predominantly present in the luminal and glandular epithelium
at dioestrus and prooestrus, the stage of epithelial proliferation
and remodelling, whereas the corresponding signals were
detected at a low level at oestrous and metoestrus. The results
from semi-quantitative RT–PCR on Smad2 in mouse uteri
during the oestrous cycle are in agreement with those from in
situ hybridization, suggesting that Smad2 is involved in endo-
metrium remodelling. Previous studies indicated that all three
TGF-� isoforms were located in the luminal and glandular
epithelium of the endometrium and the intensities were
stronger at late dioestrus and prooestrus than at oestrus and
early dioestrus in rats and ewes [36–38]. The present results of
Smad2 were consistent with the corresponding roles of TGF-�
isoforms.

The localization of Smad4 mRNA expression was in the
luminal and glandular epithelium, the same as Smad2, but the
intensity did not change substantially. RT–PCR results also
showed that the level of Smad4 was stable throughout the
cycle. The present study suggested that Smad4 play a consti-
tutive role in the process of endometrium degrading and
remodelling.

Mammalian blastocyst implantation is a key event in the
establishment of pregnancy. Implantation in the mouse is

initiated by the attachment of the blastocyst trophectoderm to
the uterine luminal epithelium [39]. Following the attachment
reaction, uterine epithelial cells undergo extensive proliferation
and differentiation into decidual cells (decidualization) at the
site of blastocyst apposition [40]. In our study, in situ hybridiz-
ation and semi-quantitative RT–PCR were used to determine
the changes in temporal and spatial expression pattern and
intensity for Smad2 and Smad4 during early pregnancy.

Previous research indicated that TGF-�1 and TGF-�2 were
expressed in the luminal and glandular epithelium of mouse
endometrium on days 1–4, during which period the uterine
epithelium undergoes proliferation and differentiation [1,22].
Our in situ hybridization results for Smad2 and Smad4 during
pre-implantation period were consistent with previous results
in TGF-� isoforms, suggesting that Smad2 and Smad4 are
involved in the proliferation and differentiation of uterine
epithelial cells during pre-implantation, and TGF-�s might
play their roles through intracellular signal transducers
SMAD2 and SMAD4 to transduct the signals.

Both Smad2 and Smad4 mRNA levels were rising signifi-
cantly during peri-implantation, suggesting that both Smads
are involved in blastocyst impantation. On day 5, Smad2
signals were localized to the subluminal stroma surrounding
the implanting blastocyst, while Smad4 mRNA were accumu-
lated in the decidua near the luminal epithelium. The result
was consistent with the report that activin A is likewise located
in decidual cells from day 5 of pregnancy [21], suggesting that
both Smads are concerned with PDZ formation. The research
of TGF-� in mouse uterus by Tamada et al. suggested that
TGF-� had a role in regulating interactions between the PDZ
and SDZ in the deciduas during the postimplantation [1]. The
present study showed that both Smads were observed to be
present in the decidua on days 6–7 with a switch from the
mesometrial side to the antimesometrial side, indicating that
both Smads may play important roles in mediating interactions
between PDZ and SDZ. It was also reported that all TGF-�
receptor types were expressed at these stages in pregnant
mouse uterus and deciduas [41]. Recently, it was reported that
BMP transcripts were detected in the decidual zone of mouse
uterus [30], Therefore, it could be deduced from the present
study that TGF-� signalling pathway is implicated in embryo
implantation. However, the mechanism of the SMADs signal-
ing pathway in endometrium reconstruction remains unclear.
Further research is needed to determine the specific intra-
cellular proteins responsible for each subfamilies, even
isoforms.

In summary, Smad2 and Smad4 mRNA signals were
detected in mouse uterus during the oestrous cycle and early
pregnancy. The present study suggests that they might be
involved in cycling uterus changes during the oestrous cycle
and embryo implantation.
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