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Aims: To determine the localisation and distribution of connective tissue growth factor (CCN2; CTGF)
and transforming growth factor β type 1 (TGF-β1) in uterine tissues from cycling and early pregnant
pigs.
Methods: In situ hybridisation and immunohistochemistry were used to localise CCN2 (CTGF) or
TGF-β1 in uteri obtained from gilts on days 0, 5, 10, 12, 15, and 18 of the oestrous cycle or days 10,
12, 14, 16, 17, and 21 of gestation.
Results: In cycling animals, CCN2 (CTGF) mRNA and protein were abundant in luminal epithelial cells
(LECs) and glandular epithelial cells (GECs), with lesser amounts in stromal fibroblasts and little or none
in endothelial cells. A similar pattern of staining was seen up to day 10 of pregnancy, except that over-
all staining intensities for CCN2 (CTGF) mRNA or protein were higher and that stromal and endothe-
lial cells were CCN2 (CTGF) positive. However, on days 12–17 there was a striking decrease in the
amount of CCN2 (CTGF) in LECs at the utero–conceptus interface, which was associated with maternal
stromal matrix reorganisation and the onset of subepithelial neovascularisation. This differential distri-
bution of CCN2 (CTGF) was localised to those LECs that were in close proximity to or in apposition with
trophoblast cells. This decrease in CCN2 (CTGF) staining was transient in nature and high amounts of
CCN2 (CTGF) were again apparent in LECs on days 17–21, when endometrial neovascularisation
and matrix remodelling were complete. The expression of uterine TGF-β1 was comparable to that of
CCN2 (CTGF) at most stages of the oestrous cycle or early pregnancy. Pre-elongation blastocysts
recovered on day 10 were positive for both CCN2 (CTGF) and TGF-β1 in the extra-embryonic troph-
ectoderm, endoderm, and inner cell mass. On day 12, trophectoderm expressed low amounts of
TGF-β1 mRNA and non-detectable amounts of TGF-β1 protein or CCN2 (CTGF) mRNA or protein. By
days 17–21, the expression of both growth factors in the extra-embyronic/placental membranes
increased and frequently exceeded that seen in LECs.
Conclusions: The pattern of CCN2 (CTGF) production during the initial attachment phase supports a
role for this factor in stromal remodelling and neovascularisation, although alternative functions at later
stages such as epithelial–epithelial interactions are also possible. In most major cell types in the uterus
or utero–placental unit, CCN2 (CTGF) expression was highly correlated with that of TGF-β1, indicating
that CCN2 (CTGF) may mediate some of the functions of TGF-β in the reproductive tract during the
oestrous cycle and pregnancy. The data further highlight epithelium as an important source of CCN2
(CTGF) in the regulation of uterine function.

Connective tissue growth factor (CCN2; CTGF) is a mem-
ber of the recently described CCN family, which
contains five other members.1–4 Since the initial

recognition of CCN2 (CTGF) as a fibroblast mitogen about a
decade ago,5 the additional biological properties of CCN2
(CTGF) have been shown to include the stimulation of cell
differentiation, adhesion, chemotaxis, migration, apoptosis,
transdifferentiation, and extracellular matrix (ECM)
production.1–4 CCN2 (CTGF) target and producer cells include
fibroblasts, epithelial cells, endothelial cells, smooth muscle
cells, and neuronal cells.3

The principal CCN2 (CTGF) transcript of 2.4 kb is induced
in several cell types after treatment with transforming growth
factor β (TGF-β) or serum, and is superinduced in the absence
of de novo protein synthesis.6–8 Although TGF-β independent
pathways of CCN2 (CTGF) expression have also been
described,3 TGF-β dependent CCN2 (CTGF) gene expression
has attracted considerable interest because there is a unique
TGF-β response element in the CCN2 (CTGF) promoter.9 10

Thus, certain actions of TGF-β during embryogenesis,

differentiation, and fibrotic disease may be indirect and the

result of its induction and subsequent action of CCN2 (CTGF).

CCN2 (CTGF) is overexpressed in fibrotic lesions of major

organs and tissues, in the stromal compartment of certain

tumours it is frequently coexpressed with TGF-β, and it is

profibrogenic.1 3 9 A functional link between CCN2 (CTGF) and

TGF-β is supported by the findings that antisense CCN2

(CTGF) or anti-CCN2 (CTGF) IgG are able to block TGF-β
mediated anchorage independent growth,11 collagen

synthesis,12 and apoptosis.13

Our interest in CCN2 (CTGF) arose through independent

observations of the pig female reproductive tract, in which we
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demonstrated novel low mass forms of CCN2 (CTGF)

(102–260 residues), which were stable C-terminal isoforms

that were readily detectable in uterine luminal fluid.14–16

Subsequently, we isolated a full length pig CCN2 (CTGF)

cDNA from endometrial tissues, which encoded a full length

349 residue protein, demonstrated a CCN2 (CTGF) transcript

of 2.4 kb in pig endometrium, showed that the pig endome-

trial CCN2 (CTGF) primary translational product is of Mr

38 000, and showed that uterine luminal fluid contains

proteases that rapidly convert 38 kDa CCN2 (CTGF) to lower

mass forms.14 15 17 CCN2 (CTGF) is also produced by the mouse

and human uterus, where it is localised primarily to luminal

epithelial cells (LECs), glandular epithelial cells (GECs), and

decidual cells.18 19 On the day of implantation in mice, staining

for CCN2 (CTGF) in LECs is strongly reduced before its

expression in the decidua.18 Recent evidence had shown that

mouse uterine CCN2 (CTGF) synthesis is regulated by both

oestrogen and progesterone and may involve TGF-β depend-

ent and independent mechanisms.20

“Because most other published studies have focused on
CCN2 (CTGF) related pathologies, it is essential that a
more thorough investigation of uterine CCN2 (CTGF)
should be undertaken to establish its role in normal tissue
physiology”

The broad spectrum of biological activities of CCN2 (CTGF)

support its role in diverse processes within the uterine tract,

such as cell proliferation, differentiation, adhesion, chemo-

taxis, apoptosis, and angiogenesis. Because most other

published studies have focused on CCN2 (CTGF) related

pathologies, such as fibrosis, malignancy, and wound healing,

it is essential that a more thorough investigation of uterine

CCN2 (CTGF) should be undertaken to establish its role in

normal tissue physiology. A central issue in CCN2 (CTGF)

biology remains its induction by TGF-β and whether CCN2

(CTGF) mediates some of the activities that have previously

been ascribed to TGF-β. Therefore, we have undertaken a

detailed analysis of CCN2 (CTGF) and TGF-β type 1 (TGF-β1)

at the utero–placental interface during early pregnancy in

pigs, a species in which there is extensive remodelling of the

extra-embryonic membranes and the formation of a loose dif-

fuse non-invasive placenta. Our results show a high correla-

tion between TGF-β1 and CCN2 (CTGF) expression at the

feto–maternal junction and suggest that CCN2 (CTGF) is

involved in endometrial ECM remodelling and angiogenesis

during the crucial period of embryo attachment.

METHODS
Animals
Crossbred or Large White gilts between 7.5 and 10 months old

were bred on their second cycle by observing them daily for

oestrous behaviour and mating them at 12 and 24 hours after

the onset of oestrus. The day of oestrus was designated as day

0. Pregnant animals were hysterectomised on days 10, 12, 14,

16, 17, and 21 of gestation (n = 2 or 3/group), whereas cyclic

gilts were hysterectomised on days 0, 5, 10, 12, 15, and 18 of

the oestrous cycle (n = 2 or 3/group), using previously

described surgical procedures.21 Uterine horns from cycling

animals were opened along the antimesometrial border and

the endometrium was removed from the overlying myo-

metrium using sterile scissors. Multiple sections of en-

dometrium (∼ 0.5 cm) from the mesometrial region of the

uterine horn were fixed in fresh 4% paraformaldehyde in

phosphate buffered saline (PBS; pH 7.2). Uterine horns from

pregnant animals on days 12 and beyond were dissected free

of myometrium, cut into 5 cm segments, fixed in Histochoice

(Amresco, Solon, Ohio, USA), and opened to locate embryonic

material. Between three and six such segments from each

pregnant animal were selected for further processing. Uteri

from pregnant animals on day 10 were processed similarly,

except that uterine horns were initially flushed with 10 ml

PBS to recover blastocysts, which were also fixed using Histo-

choice. Specimens were placed in cassettes, processed through

graded alcohol, cleared, and embedded in parablast. Blocks

were cut at 4 µm and sections were mounted on to slides and

dried using a hot plate. Slides were heat activated for one hour

before dewaxing with two changes of xylene, followed by

hydration through decreasing alcohol grades.

Immunohistochemistry for CCN2 (CTGF) and TGF-β1
A CCN2 (CTGF) peptide antiserum, made in rabbits against

residues 81–94 of the pig CCN2 (CTGF) protein, was affinity

purified and used at 10 µg/ml in PBS containing 2% bovine

serum albumin (BSA) as previously described.22 For immuno-

histochemical detection of TGF-β1, sections were incubated

with PBS/2% BSA containing 2 µg/ml anti-TGF-β1 IgG (Santa

Cruz Biotechnology, Santa Cruz, Texas, USA), which has

previously been used and validated for the detection of porcine

TGF-β1, including its detection in uterine and embryonic

tissues.23 24 Negative controls were equivalent concentrations

of non-immune rabbit IgG. Details of the immunohisto-

chemical procedures have been reported previously.18 20 22 25

In situ hybridisation for CCN2 (CTGF) or TGF-β1
The polymerase chain reaction of pig endometrial cDNA was

used to generate a 339 bp porcine CCN2 (CTGF) DNA,

corresponding to nucleotides 726 to 1065 of the full length

1047 bp pig CCN2 (CTGF) cDNA,14 17 using the primers

5′-gccgggatccatggaagagaacattaagaaggg-3’ and 5’-

ccagcggccgcgaatttaggccatgtctcc-3′, and a 884 bp porcine

TGF-β1 DNA corresponding to nucleotides −278 to 606 of

TGF-β1 mRNA using the primers 5′-tctcagacctgcctcagcttcc-3′
and 5′-tccggtgacatcaaaggacagcc-3′. The amplified products

from each reaction were cloned into pCRII (Invitrogen Corp,

Carlsbad, California, USA) and the resulting pCRII–pCCN2

(CTGF) or pCRII–pTGF-β1 plasmids cut with diagnostic

restriction enzymes to verify insert directionality.

Digoxygenin–UTP labelled RNA sense and antisense probes

were made using a digoxygenin RNA labelling kit (Roche

Molecular Diagnostics, Indianapolis, Indiana, USA), according

to the manufacturer’s instructions. pCRII–pCCN2 (CTGF) and

pCRII–pTGF-β1 were linearised with EcoRV for SP6 genera-

tion of the sense probe and with Kpn I for T7 generation of the

antisense probe. The prehybridisation, hybridisation, and post

hybridisation steps were performed as described previously.20

RESULTS
CCN2 (CTGF) and TGF-β1 mRNA transcripts in pig uterine

tissues were detected by in situ hybridisation using species

specific probes, whereas their respective proteins were

detected using affinity purified antibodies previously shown to

react specifically with the respective ligand. Specificity of the

signal obtained in each technique was verified through the use

of sense probes and non-immune sera, none of which

produced detectable staining (data not shown).

CCN2 (CTGF) and TGF-β1 production during the
oestrous cycle
CCN2 (CTGF) mRNA and protein were abundant in LECs on

days 0 and 5 of the oestrous cycle (fig 1A,B,E,F). By day 10,

amounts of CCN2 (CTGF) mRNA and protein appeared to be

reduced in LECs, consistent with their phenotypic change

from tall columnar to cuboidal cells, although the staining in

GECs remained intense at this time point (fig 1I,J). Over these

time points, stromal cells and endothelial cells produced only

low amounts of or no CCN2 (CTGF). The flattening of the

luminal epithelium was most apparent on days 12 (data not
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shown) and 15 (fig 1M,N) and, although LECs were still posi-

tive for CCN2 (CTGF), the staining intensity for both the pro-

tein and the mRNA was lower than that seen in GECs. At these

later time points, CCN2 (CTGF) mRNA began to appear in

stromal fibroblasts and to a lesser extent in the endothelial

cells. CCN2 (CTGF) production was similarly distributed on

day 18 when LEC height was restored (fig 1Q,R).

The general distribution of uterine TGF-β1 during the

oestrous cycle was comparable to that of CCN2 (CTGF), espe-

cially in terms of its relative abundance in LECs and GECs as

compared with other cell types (fig 1C,D,G,H,K,L,O,P,S,T).

TGF-β1 mRNA was reduced in LECs and GECs beginning on

day 12 (data not shown), a phenomenon that was most

apparent on day 15 (fig 1P). On Day 18, there was an increased

synthesis of TGF-β1 mRNA in the basal region of LECs (fig

1T). TGF-β1 protein was present in high amounts in LECs and

GECs on days 5–15 (fig 1G,K,O) and in lower amounts on days

0 and 18 (fig 1C,S). Stromal cells and endothelial cells exhib-

ited very weak or non-detectable staining for both TGF-β1

mRNA and protein.

CCN2 (CTGF) and TGF-β1 production during early
pregnancy
On day 10 of pregnancy, CCN2 (CTGF) and TGF-β1 mRNA

and protein were detected in LECs and GECs, where they

were present at higher amounts than on day 10 of the

oestrous cycle (data not shown). Moreover, GECs exhibited a

differential labelling, whereby proximal glands produced less

CCN2 (CTGF) than distal glands. In addition, stromal

elements, endothelium, and vascular smooth cells of the

endometrial blood vessels and myometrium were intensely

reactive (data not shown). Spherical non-elongated blasto-

cysts recovered from uterine flushings on day 10 were

strongly positive for both CCN2 (CTGF) and TGF-β1, which

were colocalised to the extra-embryonic trophectoderm,

endoderm, and inner cell mass (fig 2A–D). On day 12 of preg-

nancy, regions of the uterus that were not intimately associ-

ated with the extra-embryonic membranes showed high

amounts of CCN2 (CTGF) or TGF-β in LECs, GECs, stroma,

and endothelium (fig 2E–H). However, in contrast to these

areas of intense staining, there was a dramatic and striking

localised differential downregulation in LECs for both CCN2

(CTGF) and TGF-β1 when the luminal epithelial layer was in

close proximity to or direct apposition with the extra-

embryonic membranes. These differences were evident for

the mRNA and protein for both growth factors and were

characterised by a pronounced reduction—and in many cases

a complete absence—of signal in the LECs (fig 2I–L). On the

maternal side, these regions of downregulated CCN2 (CTGF)

or TGF-β1 expression were highly localised and correlated

Figure 1 Connective tissue growth factor (CCN2; CTGF) and transforming growth factor β type 1 (TGF-β1) localisation in the pig uterine tract
during the oestrous cycle. Uteri from cycling gilts on days 0 (A–D), 5 (E,F), 10 (I–L), 15 (M–P), and 18 (Q–T) were analysed for CCN2 (CTGF)
protein (A,E,I,M,Q), CCN2 (CTGF) mRNA (B,F,J,N,R), TGF-β1 protein (C,G,K,O,S), or TGF-β1 mRNA (D,H,L,P,T). e, luminal epithelium; g,
glandular epithelium; s, stroma; v, blood vessel.
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with pronounced ECM remodelling and collagen degradation

in the underlying stroma, resulting in the development of a

massive subepithelial blood capillary network (verified by

triple staining; data not shown). On the conceptus side,

trophoblast cells of the elongated blastocyst exhibited a simi-

lar downregulation of TGF-β1 mRNA, together with non-

detectable amounts of TGF-β1 protein and CCN2 (CTGF)

mRNA or protein.
The altered expression and localisation of CCN2 (CTGF)

and TGF-β1 in the LECs was also seen on day 14 (data not
shown) and day 17 (fig 2M–P), by which time intimate appo-
sition between the uterus and extra-embryonic membranes
had been established. On day 17, CCN2 (CTGF) and TGF-β1
were produced at low or non-detectable amounts in LECs and
at moderate to high amounts in the subepithelial stroma and
endothelium. By this time, the extra-embryonic membranes

stained partially or completely positive for both molecules. The

stromal regions underlying the feto–maternal junction

showed profound reorganisation of their extracellular and

cellular elements, with new collagen architecture supporting

an extensive subepithelial capillary network, the endothelial

cells of which were positive for both CCN2 (CTGF) and TGF-β1

(fig 2Q–T). By day 21, and with the establishment of a tight

feto–maternal junction, the associated stromal reorganisation

and vascularisation were largely complete. At this time,

production of CCN2 (CTGF) and TGF-β1 by LECs was higher

and approached the amount seen during the pre-attachment

period (fig 2U–X). CCN2 (CTGF) and TGF-β1 were also

produced by cells of the vascular subepithelial stroma and

placental membranes, the latter of which exhibited mRNA

concentrations that exceeded those seen in LECs.

Figure 2 Connective tissue growth factor (CCN2; CTGF) and transforming growth factor β type 1 (TGF-β1) localisation in the pig uterine tract
during early pregnancy. Pre-elongation blastocysts on day 10 (A–D) and uterine samples from pregnant gilts on days 12 (E–L), 17 (M–T), and
21 (U–X) were analysed for CCN2 (CTGF) protein (A, E,I,M,Q,U), CCN2 (CTGF) mRNA (B,F,J,N,R,V), TGF-β1 protein (C,G,K,O,S,W), or
TGF-β1 mRNA (D,H,L,P,T,X). The use of the nuclear fast red counterstain confirms the presence (F) or absence (J,N) of CCN2 (CTGF) mRNA in
LECs. b, blastocyst; c, capillary; ch, chorioallantois; e, luminal epithelium; g, glandular epithelium; s, stroma; t, trophectoderm; v, blood vessel.
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DISCUSSION
In the pig, maternal recognition of pregnancy (that is, the

means by which the lifespan of functional copora lutea is pro-

longed by the presence of a conceptus) involves the production

of oestrogen by the conceptus.26 27 This signal, which may exert

its effect on endometrial prostaglandin release, is produced

widely throughout the uterus by trophoblastic cells, following

rapid elongation of pre-implantation blastocysts from small

spheres (∼ 10 mm in diameter) to long filamentous thread-

like structures (∼ 100 cm in length) on days 10–12.26 28 The

process of elongation is accompanied by blastocyst migration

and spacing and, moreover, establishes the boundaries for

placentation.29 The porcine placenta is of the loose epithelio-

chorial type and is characterised by a simple apposition

between the trophoblast and uterine epithelium, rather than

the invasive implantation exhibited by blastocysts of certain

other species, such as the mouse or human.29 As a result, the

fetal and maternal blood systems in the placental unit of the

pig remain separated throughout gestation, but are brought

into close association by epithelial flattening and the

establishment of a subepithelial vascular network.30 Ul-

trastructural studies have shown that the placental microvas-

culature on both the maternal and fetal side comprises a sys-

tem of networks that indent the trophoblast and luminal

epithelium, and thereby maximise the efficiency of maternal–

fetal exchange.31–33

“We hypothesise that the normal high concentrations of
CCN2 (CTGF) in luminal epithelial cells favour extracel-
lular matrix production and stabilisation within the
stroma”

The histological, biochemical, and functional changes that

occur during blastocyst elongation, uterine receptivity, and

placentation are driven and supported by constitutive or ster-

oid regulated expression of molecules such as growth factors,

carrier proteins, receptors, glycoproteins, adhesion molecules,

and ECM proteins.34 35 Because CCN2 (CTGF) has diverse bio-

logical properties,3 predictions of its function in the uterus

have been difficult to make. It is very clear from studies in the

human, mouse, and pig that LECs and GECs are a principal

site of CCN2 (CTGF) synthesis.3 19 25 However, we saw a clear

downregulation of CCN2 (CTGF) production by LECs when

trophoblastic cells were either in close proximity or undergo-

ing apposition. Although CCN2 (CTGF) functions as a ligand

for integrins and is an adhesion molecule for certain cell types

in other systems,2 36–39 its downregulation by LECs at the time

of blastocyst attachment argues against a primary role for LEC

derived CCN2 (CTGF) in the attachment process. Because we

found that the reduction in the expression of CCN2 (CTGF) by

LECs was highly correlated with the processes of maternal

stromal ECM reorganisation and the onset of neovascularisa-

tion, we hypothesise that the normal high concentrations of

CCN2 (CTGF) in LECs favour ECM production and stabilisa-

tion within the stroma. The suppression of CCN2 (CTGF) syn-

thesis by LECs during the attachment phase appears to favour

the net stromal ECM degradation and reorganisation neces-

sary to allow the development of a subepithelial endometrial

vascular network required to support the non-invasive

placenta. The pronounced re-expression of CCN2 (CTGF) by

LECs after the establishment of maternal neovasculature pre-

sumably allows for net stromal ECM synthesis and stabilisa-

tion of the new vascular elements. This proposed role for CCN2

(CTGF) in regulating stromal reorganisation in the pig uterus

may also occur in mice, in which implantation is preceded by

a reduction in CCN2 (CTGF) production by LECs and is

followed by CCN2 (CTGF) production at high concentrations

by differentiating stromal cells.18 We have also reported similar

localisation of CCN2 (CTGF) in LECs and decidua of the

human uterus.19 Nonetheless, we should emphasise that alter-

native interpretations of the data are possible. For example,

the suppression of epithelial CCN2 (CTGF) at the time of

attachment may favour the diminution of the glycocalyx on

the apical aspect of the epithelium, a process that is required

for the transition to uterine receptivity.40 In addition,

resynthesis of LEC derived CCN2 (CTGF) may facilitate

epithelial–epithelial attachment at the apposition site, espe-

cially because integrins appear to be involved in this

process,35 41 and are functional receptors for CCN2

(CTGF).2 36–38 Similarly, CTGF production by trophoblastic cells

on days 17–21 may facilitate the attachment process.

Whatever the precise role of CCN2 (CTGF) during the

attachment/implantation phase, it probably plays a similar or

conserved function among various mammalian species,

irrespective of the type of placentation used.
Although CCN2 (CTGF) has been shown to be angiogenic in

a variety of systems,36 42 43 the modulation of CCN2 (CTGF)
production by LECs appears to support an angiogenic
response indirectly through changes in ECM structure and
organisation, rather than by acting as a direct stimulus for
neovascularisation. However, a direct role for CCN2 (CTGF) in
uterine angiogenesis may occur as a result of its increased
expression by endometrial endothelium during the attach-
ment period. Clearly, the net angiogenic response at the
attachment site will reflect the coordinated actions of CCN2
(CTGF) and other molecules, such as vascular endothelial
growth factor, fibroblast growth factors (FGFs), and platelet
derived growth factor, which are produced in the vessel walls
of porcine endometrial and placental vasculature.44–46 The
expression of these factors in other cell types such as trophob-
last, epithelial cells, and stromal cells has been interpreted as
indicative of their involvement in other cellular processes such
as attachment, differentiation, transport, or stromal
reorganisation.44 47

In addition to exhibiting modifications for haemotrophic
nutrition, the epitheliochorial placenta of the pig is also
adapted for the uptake of nutrients from uterine secretions
(histotrophe) throughout gestation. This is achieved via
specialised structures called areolae, which comprise active
phagocytic trophoblast cells overlying the mouths of uterine
glands.48 The composition of uterine secretory fluids is also
believed to be important during the “free living” phase of
embryonic life, and is perhaps especially important during the
period of blastocyst elongation.49 Numerous growth factors
such as TGF-βs, FGFs, epidermal growth factors, and insulin-
like growth factor have been identified in uterine secretory
fluids during the peri-attachment phase.50–54 CCN2 (CTGF) is
also a constituent of uterine secretions, where it exists as
10–20 kDa C-terminal isoforms that are stable bioactive
proteolytic cleavage fragments of the full length 38 kDa CCN2
(CTGF) molecule.14–16 When compared with cycling animals,
substantially increased amounts of CCN2 (CTGF) are present
in uterine fluids on day 12 of pregnancy, whereas there are
highly attenuated amounts around day 14–18 of pregnancy.15

Although the basis of these differences is not yet clear, the
appearance of CCN2 (CTGF) in uterine fluids on day 12 may
reflect its release from pre-attachment blastocysts, which
appeared to lose their cell associated CCN2 (CTGF) staining
between days 10 and 12. The reduced amount of CCN2 (CTGF)
in uterine fluids thereafter could reflect its reduced synthesis
by LECs during this period, its degradation, or its utilisation by
the conceptus.

A central issue in CCN2 (CTGF) biology concerns the extent
to which CCN2 (CTGF) expression is regulated by TGF-β.1 3 9

In this context, our data showed that CCN2 (CTGF) and
TGF-β1 exhibit remarkable and comparable changes in their
pattern of gene expression and protein localisation, especially
during the formation of the utero–placental unit. Although we
cannot exclude the possibility that the coexpression of TGF-β1
and CCN2 (CTGF) reflects their independent production in
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response to the same repertoire of stimuli, such as steroid

hormones,20 these observations are clearly consistent with the

premise that TGF-β1 is a principal cue for CCN2 (CTGF) pro-

duction, at least in epithelial, endothelial, and stromal cells. If

this is the case, then CCN2 (CTGF) is probably a mainstream

mediator of many actions of TGF-β1 in the uterus. This is con-

sistent with studies showing that CTGF mRNA is induced in

cultured pig endometrial stromal cells after treatment with

TGF-β (AK Wilson, unpublished data). The expression of

TGF-β isoforms and their receptors at the maternal–conceptus

interface of the pig has previously been reported to increase

between days 10 and 14, although TGF-β proteins in uterine

secretions are in their latent forms on days 10–11, but in their

active forms thereafter, suggesting that components of the

TGF-β system are important for epithelial–epithelial interac-

tions during the period of blastocyst elongation.23 24 50 How-

ever, additional roles for TGF-β include

immunosuppression,55 in addition to the regulation of

adhesion molecules, integrins, and ECM proteins.56 A study of

the TGF-β receptors in the mouse uterus during early

pregnancy led to the conclusion that the TGF-β system is par-

ticularly important in the early phases of implantation.57

Functional evidence for this possibility was obtained from

transgenic mice which had downregulated TGF-β receptors on

days 3–5 and demonstrated a delayed implantation reaction.57

On days 1–4 of pregnancy in the mouse, TGF-β1 accumulates

in the stroma after its initial synthesis by luminal and glandu-

lar epithelial cells.58 Therefore, it was proposed that epithelial

derived TGF-β plays a role in stromal differentiation at the

time of implantation,58 a role that we propose for CCN2

(CTGF) in both the mouse18 and the pig (these results). Thus

CCN2 (CTGF) and TGF-β, together with other growth factors

such as keratinocyte growth factor,59 may represent compo-

nents of a molecular dialogue that contributes to the stromal–

epithelial interactions that are important for the establish-

ment of a receptive phase.35 60

“Our observations are clearly consistent with the premise
that transforming growth factor β1 is a principal cue for
CCN2 (CTGF) production, at least in epithelial, endothe-
lial, and stromal cells”

In summary, CCN2 (CTGF) expression is highly correlated

with that of TGF-β1 in endometrial epithelial cells, endothelial

cells, and stromal fibroblasts during the oestrous cycle and

early pregnancy, suggesting that pathways of TGF-β1 action in

the uterus and utero–placental unit are CCN2 (CTGF)

dependent. The pattern of CCN2 (CTGF) production during

the initial attachment phase in the pig is consistent with a role

for this factor in stromal remodelling and neovascularisation,

although alternative functions such as epithelial–epithelial

interactions at later stages are also possible. Collectively, these

data demonstrate that epithelium is an important source of

CCN2 (CTGF) in the mammalian uterus and support a role for

epithelial CTGF in regulating stromal cell function.
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