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During pregnancy, the uterus undergoes major functional

and structural remodelling. For the major part of

pregnancy, the uterus gradually increases in size and the

myometrium normally remains relatively quiescent. On

the contrary, at the time of parturition, the myometrium

has to generate co-ordinated and powerful contractions.

Several extracellular signals including hormones, neuro-

transmitters and mechanical factors, as well as a change in

the expression levels of membrane receptors, trimeric

G-proteins or ion channels have been proposed to

contribute to the switch to contractile activity at term

(Boyle et al. 1987; Inoue & Sperelakis, 1991; Europe-

Finner et al. 1993; Lopez-Barnal et al. 1995). However,

the intracellular molecular events regulating myometrial

contractility during pregnancy still remain poorly

understood.

The major regulatory mechanism of smooth muscle

contraction is phosphorylation and/or dephosphorylation

of the 20 kDa myosin light chain (MLC) (Somlyo &

Somlyo, 1994; Somlyo, 1997). MLC is phosphorylated by

the Ca2+–calmodulin-activated myosin light chain kinase

(MLCK) and dephosphorylated by the Ca2+-independent

myosin light chain phosphatase (MLCP). Thus, a rise in

cytosolic Ca2+ concentration produces smooth muscle

contraction by activation of MLCK and consequent

phosphorylation of MLC. However, it is now well

established that MLC phosphorylation and tension can be

induced independently of changes in cytosolic Ca2+

concentration (Somlyo & Somlyo, 1994; Somlyo, 1997).

Numerous agonists that bind to G-protein-coupled

receptors produce contraction by increasing both the

cytosolic Ca2+ concentration and the Ca2+ sensitivity of the

contractile apparatus. The increased sensitivity of smooth

muscle towards Ca2+ results from inhibition of MLCP

activity leading to increased MLC phosphorylation and

tension at a constant Ca2+ concentration. This Ca2+-

sensitizing effect is ascribed to the activation of the small

G-protein RhoA that activates Rho kinase, which in turn,
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phosphorylates the regulatory subunit of MLCP and

inhibits its activity (Gong et al. 1996; Otto et al. 1996;

Fujihara et al. 1997; Uehata et al. 1997). RhoA–Rho kinase-

dependent MLCP inhibition is not only involved in the

RhoA-dependent Ca2+ sensitization in smooth muscle but

also controls actomyosin-based cytoskeleton organization

(Togashi et al. 1998; Hirshman & Emala, 1999), extra-

cellular matrix assembly (Zhong et al. 1998) and its inter-

action with the cell membrane (Schoenwaelder &

Burridge, 1999). Besides RhoA that regulates contraction

through its activity, other members of the Rho protein

family, namely Rnd proteins, negatively control smooth

muscle contraction through regulation of their expression

level (Loirand et al. 1999). Rnd proteins are constitutively

active and selectively inhibit RhoA–Rho kinase-mediated

Ca2+ sensitization (Nobes et al. 1998; Loirand et al. 1999).

It has recently been demonstrated in rat and human

myometrium, that muscarinic or oxytocin receptor

stimulation induces Rho kinase-mediated Ca2+ sensitization

of contraction (Taggart et al. 1999; Lee et al. 2001;

Kupittayanant et al. 2001; Moran et al. 2002; Tahara et al.
2002). Analysis of RhoA and Rho kinase expression at the

mRNA or protein level revealed that upregulation of the

enzyme at the end of pregnancy could be involved in

the mechanism underlying the increased myometrium

contractility at term (Niiro et al. 1997; Moore et al. 2000;

Moran et al. 2002; Tahara et al. 2002). In addition, the

extent of Ca2+ sensitization of uterine contractions

induced by various agonists (prostaglandin, oxytocin)

changes during pregnancy (Coleman et al. 2000; Tahara et
al. 2002). Although these results suggest a role for Rho

protein signalling in the myometrium, available data only

focused on RhoA. Furthermore, most studies aimed to

understand the mechanisms involved in the augmentation

of uterine contractility at term, while data regarding

myometrial quiescence during pregnancy remain limited.

In this study, the global gene expression of small

G-proteins, their targets and regulators as well as genes

involved in small G-protein-regulated functions has

been compared in non-pregnant myometrium and at

mid-pregnancy. We applied differential gene expression

screening using cDNA array technology to probe myo-

metrium samples. In order to determine the significance of

the observed changes in expression, in relation to the

contractile properties of myometrium, measurements of

Ca2+ sensitization in permeabilized muscle strips have

been performed.

METHODS 
Tissues
All experiments were conducted in accordance with institutional
guidelines for the care and use of laboratory animals. Non-
pregnant and pregnant rabbits (mid-pregnancy, day 15; late
pregnancy, days 30–31) were killed with sodium pentobarbital
(100 mg kg_1 intravenously). The uterus was removed and placed
in sterile physiological saline solution (PSS, mM; 130 NaCl, 5.6
KCl, 1 MgCl2, 2 CaCl2, 11 glucose, 10 Tris;pH adjusted to 7.4 with
HCl).

Isolation of mRNA
Myometrial tissues isolated by dissection from rabbit uterus were
immediately frozen in liquid nitrogen. RNA was extracted from
the tissue using TRIzol reagent and samples were treated with
RNase-free DNase. mRNAs from non-pregnant (n = 5) and
pregnant myometria (n = 5) were isolated using OligotexTM
mRNA Midi Kit (Qiagen) according to manufacturer’s instructions.

Labelling of cDNA probes and hybridization to cDNA arrays
Atlas Cell interaction Arrays (Clontech) containing 265 genes
involved in cell signalling and interaction were screened using
32P-labelled cDNA probes. Briefly, for each sample, 1 mg mRNA
was mixed with 1 ml 10 w CDS primer mix and converted into
32P-cDNA labelling first strand cDNA by means of Moloney
murine leukemia virus (MMLV) reverse transcriptase.
Unincorporated 32P-labelled nucleotides were removed by
Nucleospin column. cDNA arrays were prehybridized for 30 min
at 60 °C in 15 ml hybridization buffer (ExpressHyb, Clontech)
with 0.5 mg sheared salmon spermDNA. The denatured labelled
32P-cDNA product (4 w 106 c.p.m.) was added to the hybridization
solution and incubated for 16 h at 60 °C. Arrays were washed
according to manufacturer’s protocol then exposed to phospho-
rimager. Results were analysed using Clontech software (Atlas
Image 1.5).

Real-time quantitative PCR
Differential expression of selected genes was confirmed by gene-
specific real-time quantitative PCR. Total RNA (1 mg) was used as
the template for the reverse transcriptase (RT) reaction using
MMLV, 2 mg random hexamers, 0.2 mM deoxyribonucleoside
triphosphates (dNTPs) and 5 mM dithiothreitol (DTT; Life
Technologies). Primers used for the PCR are listed in Table 1. All
of the PCR primers were synthesized by Sigma-Genosys. Real-
time quantitative PCR was performed in the iCycler iQ Detection
System (Bio-Rad Laboratories) using Sybr green detection
(Molecular Probes) and Titanium Taq DNA polymerase

C. Cario-Toumaniantz and others404 J Physiol 552.2
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(Clontech), according to the manufacturer’s recommendations.
The following temperature profile was used: 40 cycles of 15 s at
95 °C and 1 min at 60 °C. Cycle numbers obtained at the log-linear
phase of the reaction were plotted against a standard curve
prepared with serially diluted non-pregnant myometrium cDNA
samples. Expression of target genes was normalized to b-actin
levels. The delta Ct (d Ct) (cycle threshold) method was used to
calculate relative expression levels.

Western blotting
Myometrium samples were homogenized with a polytron in ice-
cold lysis buffer containing PBS, pH 7.4, 150 mM NaCl, 1 %
Nonidet P-40, 0.5 % sodium desoxycholate, 0.1 % SDS and
protease inhibitor (Complete, 1 tablet per 50 ml). Nuclei and
unlysed cells were removed by low speed centrifugation. Protein
concentration was measured and adjusted, then Laemmli sample
buffer was added and equal amounts of protein were loaded on
SDS– polyacrylamide gel, which was then electrophoresed and
transferred to nitrocellulose. The amount of protein was checked
by staining with Ponceau Red and by reprobing the membrane
with anti-b-actin antibody. Before immunoblotting, the
membrane was blocked with 50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 0.1 % Tween 20, 5 % non-fat milk for 1 h at room
temperature. The expression of Rnd3 protein was examined with
anti-Rho8 antibody (Santa Cruz Biotechnology, Inc., CA, USA).
The immunoreactive bands were visualized using horseradish
peroxidase-conjugated secondary antibody and subsequent
Enhanced ChemiLuminescence detection (Amersham Biosciences),
then quantified using ImageQuant (Molecular Dynamics,
Sunnyvale, CA, USA).

Isometric tension measurement in skinned fibres
Small strips (approximately 200 mm wide and 4 mm long) of
longitudinal muscle from myometrium were dissected and tied at
each end with a single silk thread to the tips of two needles, one of
which was connected to a force transducer (AE 801, SensoNor,
Norway). Strips were placed in a well on a bubble plate filled with
PSS (Horiuti, 1988) and stretched to about 1.3 times the resting
length. The solution was rapidly changed by sliding the plate to an
adjacent well. After measuring contraction evoked by high K+

solution, the strips were incubated in normal relaxing solution
((mM): 85 KCl, 5 MgCl2, 5 Na2ATP, 5 creatine phosphate, 2 EGTA,
and 20 Tris maleate, brought to pH 7.1 at 25 °C with KOH) for a
few minutes, followed by treatment with b-escin (50–70 mM) in
relaxing solution for 35 min at 25 °C as described previously
(Loirand et al. 1999). The skinned muscle strip was then washed
several times with fresh relaxing solution containing 10 mM

EGTA. Calmodulin (1.5 mM) was present in the bathing solutions
throughout the experiments.Tension developed by permeabilized
muscle strips was measured in activating solutions, containing
10 mM EGTA and a specified amount of CaCl2 to give a desired
concentration of free Ca2+ (pCa = _log[Ca2+]) (Loirand et al.
1999). To evaluate the effect of farnesyl-transferase inhibitors,
muscle strips were pretreated for 12 h in sterile PSS. For this
experimental condition, results were compared with those
obtained in control strips taken from adjacent pieces of tissue and
handled under similar conditions, using similar buffers.

Measurement of RhoA activity.
RhoA activity was assessed in homogenized myometrium samples
by a pull-down assay, using the Rho-binding domain (RBD) of the
Rho effector protein Rhotekin as described previously (Ren et al.
1999). Precipitated GTP-bound RhoA and total RhoA were then
analysed by Western blot using a mouse monoclonal anti-RhoA
antibody (Santa Cruz).

Statistics
All results are expressed as means ± S.E.M. with n the sample size.
Significance was tested by means of Student’s t test. Probabilities
less than 5 % (P < 0.05) were considered significant.

Chemicals and drugs
Calmodulin was purchased from Roche diagnostic (Meylan,
France). The protein kinase C inhibitor GF109203x and the
farnesyl-transferase inhibitor manumycin A were provided by
Calbiochem (Merck Eurolab, Germany). The Rho kinase
inhibitor Y-27632 was a gift from Pr Lesieur (Lille, France). All
other reagents were purchased from Sigma (France).

RESULTS
Comparative gene expression profiling
Labelled complementary DNAs (cDNAs) prepared from

non-pregnant and mid-pregnant rabbit myometrium were

hybridized to cDNA arrays analysing the expression of 265

known genes. Spots of housekeeping genes consistently gave

comparably positive signals attesting that equivalent

amounts of cDNA had been used (n = 5; Fig. 1). Among

the 265 spots, 145 gave detectable signals. Analysis of

the median densitometric signal intensity revealed that

expression of 36 (25 %) genes differed between non-

pregnant and mid-pregnant myometrium by a factor of

Rho signalling during pregnancyJ Physiol 552.2 405

Figure 1. Differential gene expression in mid-
pregnant myometrium using cDNA arrays
Typical results of two hybridization experiments with cDNA
generated from non-pregnant (NP) and from mid-pregnant
(MP) myometrium showing hybridization signals for
housekeeping genes (top) and Rho-related genes (bottom).
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at least two, the majority being upregulated. Table 2

summarizes the differentially expressed genes, arranged

according to their functions. Interestingly, the differentially

expressed genes included genes related to small G-protein

signalling such as RhoB, Rho-GDP dissociation inhibitor 2,

Rho-GTPase activating protein 4 and Rnd3 (also known as

Rho8 or RhoE) found to be upregulated (Fig. 1). The

previously demonstrated inhibitory effect of Rnd proteins

on RhoA-dependent processes (Nobes et al 1998; Loirand

et al. 1999) suggested the potential role of the upregulation

of Rnd3 in the control of myometrium contractility during

pregnancy.

Upregulation of Rnd3 mRNA and protein
expression
To confirm up-regulation of Rnd3 at mid-pregnancy, we

performed reverse transcription and real-time PCR

analysis of non-pregnant and mid-pregnant myometrium

RNA with specific oligonucleotides. In addition, since

changes in RhoA and Rho kinase expression during

pregnancy have previously been reported in other animal

species ((Niiro et al. 1997; Moore et al. 2000; Moran et al.
2002; Tahara et al. 2002), real-time PCR using Rnd3, RhoA

and Rho kinase I primers was also performed with in

non-pregnant, mid-pregnant and late-pregnant rabbit

myometrium cDNA. Results displayed in Fig. 2A confirmed

upregulation of Rnd3 mRNA at mid-pregnancy, and

showed that this upregulation was maintained up to the end

of the pregnancy. The absence of significant changes in

RhoA and Rho kinase mRNA levels at mid-pregnancy was

also confirmed, whereas an upregulation of both transcripts

was detected at late pregnancy, in agreement with previous

reports on rat and human (Niiro et al. 1997; Moore et al.
2000; Moran et al. 2002; Tahara et al. 2002). Western blot

analysis revealed that the upregulation of Rnd3 mRNA

correlated with the increase of Rnd3 protein expression

both at mid- and late pregnancy (Fig. 2B). The following

experiments were thus designed to examine whether the

upregulation of Rnd3 in mid-pregnant and late-pregnant

myometrium was associated with a change in RhoA–Rho

kinase-mediated Ca2+ sensitization of the contraction.

Ca2+ sensitization is abolished at mid-pregnancy
The resting Ca2+ sensitivity of contractile proteins has been

assessed by measuring the amplitude of the rise in tension

produced by a cumulative increase of [Ca2+](from pCa 8.5

to 4.5) in b-escin permeabilized myometrial muscle strips

(Figs 3 and 4). Resting pCa–tension relationships were

similar in non-pregnant and mid-pregnant myometrium,

as illustrated by the close values of pCa that induced the

Rho signalling during pregnancyJ Physiol 552.2 407

Figure 2. Upregulation of Rnd3
A, real-time RT-PCR assays for Rnd3, RhoA and Rock I mRNA in non-pregnant (NP), mid-pregnant (MP)
and late-pregnant (LP) myometrium. Results were normalized to b-actin and expressed as percentages of
Rnd3, RhoA or Rock I expression in non-pregnant myometrium (designated 100 %; n = 3; * P < 0.01;
** P < 0.001). B, representative Western blot and corresponding densitometric analysis showing the increase
in Rnd3 expression in MP and LP myometrium. Results were normalized to b-actin and expressed relative to
that in NP as 1 (* P < 0.01, n = 3).
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half-maximal tension (pCa50) (Fig. 4A and B and Table 3).

However, the mean amplitude of the maximal tension

raised by pCa 4.5 was significantly smaller at mid-

pregnancy compared with responses evoked in non-

pregnant myometrium (Table 3). In contrast, the resting

sensitivity towards Ca2+ was increased at late pregnancy

with a significant increase in the pCa50 (Fig. 4C and

Table 3). This was associated with a 2.5-fold increase in the

amplitude of pCa 4.5-induced tension, compared with

that recorded in non-pregnant myometrium (Table 3).

Addition of GTPgS (10 mM) induced Ca2+ sensitization of

the contractile apparatus, which appeared as a leftward

shift of the pCa–tension relationship and a significant

increase in the pCa50 value in non-pregnant myometrium

(Figs 3A and B and 4A and Table 3). The Ca2+-sensitizing

effect of GTPgS was completely inhibited by the Rho

kinase inhibitor Y-27632 (Uehata et al. 1997) with IC50 of

1 mM (Fig. 3C), but was not modified by the protein kinase C

inhibitor GF109203x (5 mM) (pEC50 = 6.03 ± 0.03 in control

and 6.52 ± 0.02 in the presence of GTPgS, n = 4; P > 0.5).

These results demonstrate the major role of the Rho–Rho

kinase pathway in GTPgS-induced Ca2+ sensitization.

GTPgS-induced leftward shift of the pCa–tension

relationship was not observed in mid-pregnant myo-

metrium, indicating an inhibition of GTPgS-mediated Ca2+

sensitization (Fig. 4B and Table 3). In late-pregnant

myometrium, the Ca2+ sensitivity, already high in resting

conditions, was not further increased in the presence of

GTPgS (Fig. 4C and Table 3).

Negative regulation of activating mechanisms and/or

positive regulation of inhibitory mechanisms could account

for the inhibition of RhoA–Rho kinase-mediated Ca2+

sensitization at mid-pregnancy. However, the absence of a

change in RhoA and Rho kinase expression in mid-

pregnant myometrium (Fig. 2A) does not support a direct

role for RhoA or Rho kinase, suggesting the interference of

an inhibitory mechanism. We therefore hypothesized that

the observed upregulation of Rnd3 expression could be

involved in the loss of GTPgS-induced Ca2+ sensitization

at mid-pregnancy.

Farnesyl-transferase inhibitor restored Ca2+

sensitization at mid-pregnancy
Rho proteins required isoprenylation at the C-terminus

of the proteins to be able to perform their functions.

Inhibition of prenylation prevented the membrane

localization of the Rho proteins and inhibited their

activities (Cohen et al. 2000). Rnd proteins share this

C. Cario-Toumaniantz and others408 J Physiol 552.2

Figure 3. pCa–tension relationship and GTPgS-induced
Ca2+ sensitization in non-pregnant myometrium
Typical traces illustrating the gradual rise in tension induced by
cumulative increases of [Ca2+] in non-pregnant permeabilized
myometrium in the absence (A) and presence of GTPgS (B). The
GTPgS-induced Ca2+ sensitization was inhibited by the Rho kinase
inhibitor Y-27632 in a concentration-dependent way (C).
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property with other Rho proteins and we have previously

demonstrated that non-prenylated Rnd proteins lose their

inhibitory activity on RhoA-dependent processes (Loirand

et al. 1999). Contrary to RhoA, which is geranylgeranylated,

Rnd proteins are farnesylated (Nobes et al. 1998). This

particular property allows the selective inhibition of Rnd

protein prenylation using farnesyl-transferase inhibitor

(Chardin, 1999). Manumycin A is a farnesyl-transferase

inhibitor that binds to the farnesyl-pyrophosphate

binding site of farnesyl-transferase (Hara et al. 1993). We

analysed the effect of manumycin A on the Ca2+ sensitivity

of mid-pregnant myometrium. While the treatment with

manumycin A (10 mM, 12 h) did not affect the resting Ca2+

sensitivity (pCa50 = 5.95 ± 0.03, n = 5; P > 0.5), it restored

the GTPgS-induced Ca2+ sensitization, as illustrated by

the leftward shift of the pCa–tension relationship and the

significant increase in the pCa50 value to 6.27 ± 0.03

(n = 5; P < 0.001 in comparison with the resting value)

(Fig. 5). The Ca2+ sensitization induced by GTPgS in

manumycin A-treated mid-pregnant myometrium muscle

strips was completely inhibited by 10 mM Y-27632 (Fig. 5).

Similar manumycin A treatment of non-pregnant myo-

metrium had no effect on the pCa–tension relationship

either in control conditions or in the presence of GTPgS,

indicating that manumycin A did not alter RhoA–Rho

kinase signalling (not shown). Similar results have been

obtained with the cell-permeable farnesyl-transferase

peptidomimetic inhibitor I (FTase inhibitor I) that

competed with the acceptor proteins, suggesting that the

observed inhibitory action with these pharmacological

compounds was not due to non-selective effects (not

shown). These results thus indicate that a farnesylated

active protein mediated the inhibition of RhoA–Rho

kinase-dependent Ca2+ sensitization in mid-pregnant

myometrium. The absence of effect of manumycin A on

non-pregnant myometrium and the upregulation of Rnd3

expression suggests that Rnd3 might be the farnesylated

protein responsible for the loss of RhoA–Rho kinase-

dependent Ca2+ sensitization at mid-pregnancy.

The inhibition of Ca2+ sensitization is balanced by
RhoA and Rho kinase at the end of pregnancy
As the upregulation of Rnd3 detected at mid-pregnancy is

still observed in late-pregnant myometrium, we also

assessed the effect of manumycin A in late-pregnant myo-

metrium. Figure 6A shows that at this stage of pregnancy,

the farnesyl-transferase inhibitor did not modify the

resting pCa50 (6.26 ± 0.02, n = 5, P > 0.5). In addition,

contrary to observations in mid-pregnant myometrium,

GTPgS remained inefficient in manumycin A-treated

late-pregnant myometrium (Fig. 6A, pCa50 = 6.30 ± 0.03,

n = 5, P > 0.2). This result suggests that, despite its

upregulation, Rnd3 did not exert an inhibitory effect on

the Ca2+ sensitivity of the contractile apparatus at late

pregnancy. Therefore, it is possible that the upregulation

of RhoA and Rho kinase observed in late-pregnant

myometrium leads to a constitutive activation of the

RhoA–Rho kinase pathway, which is responsible for the

high resting Ca2+ sensitivity of the contractile proteins

Rho signalling during pregnancyJ Physiol 552.2 409

Figure 4. pCa–tension relationships in permeabilized uterine smooth muscle strips
PCa–tension relationships were determined in permeabilized muscle strips from non-pregnant (A), mid-
pregnant (B) and late-pregnant (C) myometrium by cumulatively increasing [Ca2+] (pCa 8–4.5), in the
absence (0) and presence of 10 mM GTPgS (8). Tension responses were expressed as the percentage of the
maximal response induced at pCa 4.5.

Figure 5. Farnesyl-transferase inhibitor restored Ca2+

sensitization at mid-pregnancy
Muscle strips from mid-pregnant myometrium were treated with
10 mM manumycin A for 12 h. pCa–tension relationships were
then determined in permeabilized strips by cumulatively
increasing [Ca2+] (pCa 8–4.5), in the absence (0) and presence of
10 mM GTPgS without (8) or with 10 mM Y-27632 (6). Tension
responses were expressed as the percentage of the maximal
response induced at pCa 4.5.
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and the absence of a GTPgS effect at late pregnancy.

Measurements of the amount of active GTP-bound RhoA

by pull-down assay were in agreement with this hypothesis

(Fig. 6B). The amount of active RhoA was similar in non-

pregnant and mid-pregnant myometrium, in agreement

with the similar resting pCa–tension relationships in both

types of samples. In late-pregnant myometrium, the high

resting Ca2+ sensitivity correlated with a 6.8-fold ±

1.1-fold increase in the amount of active GTP-bound

RhoA, relative to the b-actin content (n = 3; Fig. 6B).

According to these data, inhibition of the RhoA–Rho

kinase pathway in late-pregnant myometrium under

resting conditions would produce a rightward shift of the

pCa–tension relationship. Indeed, the Rho kinase

inhibitor Y-27632 (10 mM) decreased the resting Ca2+

sensitivity, resulting in a significant shift of the pCa–tension

relationship towards higher [Ca2+] (pCa50 = 5.90 ± 0.01

versus 6.22 ± 0.02 mM in control, n = 5, P < 0.005)

(Fig. 6C) while the protein kinase C (PKC) inhibitor

GF109203x (5 mM) had no effect (pCa50 = 6.25 ± 0.02

versus 6.25 ± 0.03 in control, n = 4, P > 0.5). Y-27632

(10 mM) had no effect on the resting Ca2+ sensitivity of

the contractile proteins in non-pregnant and mid-

pregnant myometrium. These observations are therefore

in agreement with a major functional consequence of the

upregulation of RhoA and Rho kinase, the activity of

which could balance the inhibitory effect of Rnd3 on the

Ca2+ sensitivity of contractile proteins at the end of

pregnancy.

DISCUSSION
By a combination of functional and genomic approaches,

the present study demonstrates the time-dependent

regulation of the Rho–Rho kinase-mediated Ca2+

sensitization of contractile proteins in pregnant myo-

metrium, consisting of inhibition of this mechanism at

mid-pregnancy followed by upregulation at term. Our

results suggest that co-ordinated regulation of Rho protein

expression (RhoA and Rnd3) during pregnancy might

underlie this phenomenon and therefore participate in

both the quiescence of the myometrium during pregnancy

and the increase in contractile activity at term.

cDNA array technology holds considerable potential for

improving our understanding of physiological or patho-

physiological conditions inducing modification of several

cellular functions probably related to a change in

expression of numerous genes. The dramatic increase in

uterine growth, as well as the modulation of contractile

properties during pregnancy, requires dynamic remodelling

of the myometrial smooth muscle–extracellular matrix

interaction and intracellular signalling. We therefore

focused on alterations of gene expression involved in cell

signalling and interaction. This approach is valid since

we were able to confirm changes in gene expression

previously identified by individual analysis. This includes

upregulation of the extracellular matrix regulator metallo-

proteinase (MMP)-9, tissue inhibitors of matrix metallo-

proteinases (TIMP)-1 and TIMP-2, already shown to be

increased during pregnancy (Roh et al. 2000; Zhao et al.
2002). Similarly, by showing upregulation of insulin-like

growth factor (IGF) binding proteins (IGFBP) 2 and 6, our

results confirmed previous data (Cerro & Pintar, 1997)

and further support a role of IGF signalling in the

regulation of uterine muscular growth during pregnancy.

In addition, our results describe a co-ordinated modulation

C. Cario-Toumaniantz and others410 J Physiol 552.2

Figure 6. Effect of Rho kinase inhibition and farnesyl-
transferase inhibitor on Ca2+ sensitivity at late pregnancy
A, muscle strips from late-pregnant myometrium were treated
with 10 mM manumycin A for 12 h. pCa–tension relationships were
then determined in permeabilized strips by cumulatively
increasing [Ca2+] (pCa 8–4.5), in the absence (0 and presence of
10 mM GTPgS (8). B, measurement of the amount of active GTP-
bound RhoA by pull-down assay in non-pregnant (NP), mid-
pregnant (MP) and late-pregnant (LP) myometrium. Total RhoA
and b-actin amounts were also assessed by Western blot in each
sample. Results shown are representative of three independent
experiments. C, pCa–tension relationships obtained in muscle
strips from late-pregnant myometrium under control conditions
(0) and in the presence of 10 mM Y-27632 (6). Tension responses
were expressed as the percentage of the maximal response induced
at pCa 4.5. 
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of various regulators of Rho protein signalling, involved in

the regulation of cell growth and Ca2+ sensitization of the

contractile apparatus (Somlyo & Somlyo, 1994; Van Aelst

& D’Souza-Schorey, 1997). In particular we show for the

first time, the expression of Rnd3 in myometrium and its

upregulation during pregnancy.

Ca2+-sensitizing mechanisms, which allow the development

of maintained tension at low Ca2+ concentrations, are major

mechanisms regulating smooth muscle contraction. The

role of the Rho–Rho kinase-dependent pathway in

agonist-induced contraction in myometrium was recently

suggested by the use of the Rho kinase inhibitor Y-27632.

Rho kinase inhibition induced relaxation of oxytocin-

induced contraction in human myometrium at term

(Moran et al. 2002). In rat myometrium, the sensitivity of

oxytocin-induced contraction to Y-27632 was significantly

increased at the end of pregnancy compared with non-

pregnant samples (Tahara et al. 2002), suggesting that

RhoA–Rho kinase pathway was upregulated at the end of

pregnancy and may participate in increased myometrium

contractility at the onset of labour. Our present data are in

agreement with these previous reports. In addition, by

direct measurements of Ca2+ sensitivity in permeabilized

muscle strips, we demonstrate for the first time that the

increased expression of RhoA and Rho kinase at the end of

pregnancy is associated with a constitutive activation of

the RhoA–Rho kinase-mediated Ca2+ sensitization (Fig. 6B).

This confirms the involvement of the RhoA–Rho kinase

signalling pathway in the generation of powerful uterine

contractions at the time of parturition. Other mechanisms

have been shown to control Ca2+ sensitivity of smooth

muscle contraction including phosphorylated CPI-17,

which is also a negative regulator of MLCP. Phosphorylation

of CPI-17 could be inhibited by either Y-27632 or

GF109203x, suggesting that multiple kinases, such as Rho

kinase or PKC, could mediate CPI-17 phosphorylation

(Kitazawa et al. 2000). However, the PKC delta isoform

(PKC d isoform), recognized as the major CPI-17 kinase,

is also inhibited by Y-27632 (Eto et al. 2001). The role of

CPI-17 and its expression have been shown to depend on

smooth muscle type. In tonic arterial smooth muscle,

which possesses a high CPI-17 expression, PKC–CPI-17

signalling is a dominant contributor towards Ca2+

sensitivity of the contraction. In contrast, PKC–CPI-17

signalling makes a minor contribution to Ca2+ sensitivity

in phasic visceral smooth muscle, that has a low CPI-17

content (Woodsome et al. 2001). In myometrium,

GTPgS-induced Ca2+ sensitization was not affected by

GF109203x and the increased sensitivity observed in late-

pregnant myometrium was not changed in the presence of

GF109203x. This suggests a minor role of PKC–CPI-17 in

the regulation of Ca2+ sensitivity during pregnancy. The

inhibitory effect of Y-27632 on GTPgS-induced Ca2+

sensitization indicates that Rho kinase is the major

regulator of Ca2+ sensitivity. However, we could not rule

out the involvement of CPI-17 as a downstream target of

Rho kinase involved in the regulation of MLCP activity.

The major finding of the present study is that inhibition of

RhoA–Rho kinase-dependent Ca2+ sensitization occurred

at mid-pregnancy, which could contribute to the low

contractile activity required during the major part of

pregnancy to avoid pre-term labour. The upregulation of

Rnd3 and the effect of farnesyl-transferase inhibitor, which

restored RhoA–Rho kinase-mediated Ca2+ sensitization in

mid-pregnant myometrium, strongly support a role for

Rnd3 in the inhibition of RhoA–Rho kinase-mediated

Ca2+ sensitization.

Rnd3 constitutes with Rnd1 and Rnd2, a subset of Rho

proteins with particular properties (Nobes et al. 1998).

Contrary to other Rho proteins, Rnd proteins lack GTPase

activity. Consequently they are constitutively in the active

GTP-bound form and attached to the membrane. The

involvement of Rnd proteins in signalling pathways and

cell functions is therefore directly related to their

expression levels, while the role of other Rho proteins

essentially depends on their activation–inactivation cycle.

Whereas the majority of Rho proteins required geranyl-

geranylation to be active, Rnd proteins have to be

farnesylated (Foster et al. 1996). Although the functional

consequence of this difference is not known, this

peculiarity of Rnd proteins offers the opportunity to use

farnesyl-transferase inhibitors to block their functions.

Rnd proteins can be inhibited by treatment with farnesyl-

transferase inhibitors for less than 18 h whereas longer

treatment (more than 24 h) is required to inhibit

farnesylated Ras proteins (Chardin, 1999). Expression of

Rnd proteins in fibroblasts promoted disassembly of actin

filament structures and loss of cell adhesion, contrary to

RhoA that induced actin stress fibre formation. In smooth

muscle, Rnd proteins inhibit agonist- and GTPgS-

induced Ca2+ sensitization by specifically interfering with a

RhoA-dependent mechanism (Loirand et al. 1999),

suggesting that equilibrium between Rnd proteins and

RhoA expression and activity might determine the Ca2+

sensitivity of the contractile apparatus. Indeed, this study

shows that this mechanism contributes to the physiological

regulation of uterine smooth muscle contraction during

pregnancy. Upregulation of Rnd3 expression at mid-

pregnancy correlated with the suppression of RhoA–Rho

kinase-mediated Ca2+ sensitization. Therefore, the amplitude

of agonist-induced contraction should be reduced,

irrespective of the nature of the contractile agonist and the

expression level of its membrane receptor. Although the

mechanism of the inhibitory action of Rnd3 on the

RhoA–Rho kinase pathway has not been investigated in

this study, the observation that upregulation of Rnd3 at

mid-pregnancy did not modify basal RhoA activity

suggests that Rnd3 acts downstream of RhoA. These data

are therefore in agreement with Rnd3 binding to Rho

Rho signalling during pregnancyJ Physiol 552.2 411
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kinase and the consequent inhibition of its enzyme activity

(Riento et al. 2003). The inhibitory action of Rnd3 over-

expression on the contractile activity was compensated at the

end of pregnancy by the over-expression of RhoA and Rho

kinase, which led to a basal high sensitivity of the

contractile proteins to Ca2+. Accordingly, a small rise in

intracellular Ca2+ would be able to trigger powerful

contraction at term.

Little is known regarding the mechanisms that control

Rho family protein expression. However, the modulation

of Rnd3 transcript expression during pregnancy is

consistent with the previous demonstration that expression

of Rnd proteins was increased by oestrogen and more

efficiently by progesterone (Loirand et al. 1999). In rabbits,

the circulating level of progesterone reached its maximal

level at mid-pregnancy (Challis et al. 1973) and hence

could account for the over-expression of Rnd3 up to the

end of pregnancy. The mechanism of action of steroid

hormones on Rnd protein expression is not elucidated.

However, it has been recently demonstrated that

activation of the Raf-MEK-extracellular signal-regulated

kinase-induced expression of Rnd3 (Hansen et al. 2000).

The activity of extracellular signal-regulated kinases was

increased by oestrogen and progesterone in uterine

smooth muscle (Ruzycky, 1996) and could therefore be

involved in the increase of Rnd3 expression occurring

during pregnancy.

In conclusion, these data demonstrate the time-dependent

regulation of the RhoA–Rho kinase-mediated Ca2+

sensitization during the course of pregnancy, with a

depression of this mechanism at mid-pregnancy followed

by a constitutive activation near term, which correlates

with changes in Rnd3 and RhoA expression. Our results

thus suggest that the RhoA–Rho kinase signalling pathway

and its regulators might thus present potential targets for

the development of new treatments for pre-term labour.
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