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Background and purpose: It has recently been reported that oxytocin is produced by some tumour cell types, and that
oxytocin receptors, belonging to the G-protein-coupled receptor (GPCR) family, are expressed in a variety of cell types. Among
these, human umbilical vein endothelial cells (HUVECs) respond to oxytocin with an increased proliferation, suggesting a
possible role for the hormone in the regulation of angiogenesis.
Experimental approach: We employed chemotaxis and chemoinvasion assays to characterize the effect of oxytocin on HUVEC
motility, and immunoblot analysis to study its molecular mechanisms of action.
Key results: We showed that oxytocin stimulates migration and invasion in HUVECs via oxytocin receptor activation. Searching
for the molecular mechanism(s) responsible for oxytocin’s pro-migratory effect, we identified the Gq coupling of oxytocin
receptors and phospholipase C (PLC) as the main effectors of oxytocin’s action in HUVECs. We also found that oxytocin
stimulates the phosphorylation of endothelial nitric oxide synthase (eNOS) via the phosphatidylinositol-3-kinase (PI-3-K)/AKT
pathway, and that the activation of PI-3-K and formation of nitric oxide (NO) are required for the pro-migratory effect of
oxytocin.
Conclusions and implications: The ability of oxytocin to stimulate HUVEC motility and invasion suggests that the hormone
can participate in physiopathological processes where activation of endothelial cells plays an important role, for example, in
angiogenesis. Interestingly, both the AKT and eNOS phosphorylation induced by oxytocin receptor activation depended on
PLC activity, thus suggesting the existence of a still undefined mechanism connecting PLC to the PI-3-K/AKT pathway, upon
oxytocin stimulation.
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Introduction

Cell migration is a complex phenomenon that plays a crucial

role in all stages of development as well as in adult life. It

directs and regulates the morphogenesis of tissues and organs

during embryogenesis and, in adulthood, is crucial for tissue

regeneration and repair, and immune surveillance (Van

Haastert and Devreotes, 2004). It is therefore not surprising

that a number of soluble factors and receptors contribute to

regulating this process in different cell types and environments.

Among these factors, G-protein-coupled receptors (GPCRs)

and their ligands play an important role: chemoattractants

acting on a number of chemokine receptor subtypes regulate

leukocyte trafficking in the immune system (Murphy, 1994),

and it has been shown that other agents acting at GPCRs, such

as lysophosphatidic acid and sphingosine 1-phosphate, are

involved in modulating the migration of various cell types

(Moolenaar et al., 2004; Rosen and Goetzl, 2005).

One of the most important events depending on cell

migration is angiogenesis (that is, the formation of new

blood vessels from pre-existing blood vessels), which occurs

in adults under both physiological and pathological condi-

tions, such as the menstrual cycle and tumours (Bergers and

Benjamin, 2003). The stimulation of endothelial cell pro-

liferation and motility is the initial event in the formation of

the new peritumoral blood vessels that allow tumour growth

and survival, and this process is driven and sustained by

angiogenic factors that are commonly produced by the

tumour cells themselves.

The hypothalamic hormone oxytocin is best known for its

role in regulating uterine motility at parturition, but it has
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recently been shown to be produced by some tumour cell

types in vitro as well as by cancer tissues (Cassoni et al., 2004).

Furthermore, the expression of oxytocin receptors that are

structurally identical to the uterine receptors and that

belong to the GPCR family has been demonstrated on

human vascular endothelial cells, on which oxytocin

induces a proliferative response (Thibonnier et al., 1999). It

has also been recently reported that oxytocin stimulates the

motility of immortalized human dermal microvascular and

breast cancer-derived endothelial cells (Cassoni et al., 2006).

It is therefore possible to suggest that oxytocin may act as

an endocrine/paracrine regulatory factor that, once locally

produced, can contribute in vivo to the formation of new

blood vessels in some types of cancer.

Expression of the mRNA for oxytocin has been described

in the endometrium of non-pregnant women (Steinwall

et al., 2004), which is particularly interesting because the

female reproductive system is the part of the adult body that

undergoes frequent cycles of physiological angiogenesis

(during the menstrual cycle). Moreover, a number of diseases

affecting the female reproductive tract are associated with

angiogenic dysfunctions, including endometriosis (Reynolds

et al., 2002), in which it has been proposed that hyperactivity

of the endometrial oxytocin/oxytocin receptor system could

play an important role (Leyendecker et al., 1998).

We therefore tested whether, in addition to its mitogenic

properties, oxytocin could induce migration in primary

cultures of human endothelial cells and thus act as a cofactor

facilitating angiogenesis. We found that the hormone does

indeed stimulate human umbilical vein endothelial cell

(HUVEC) migration and invasion, thus suggesting that it

may contribute in vivo to the process of angiogenesis not

only in some types of cancer, but also in other physiological

and pathological conditions characterized by the formation

of new blood vessels.

We also investigated possible molecular mechanisms that

may be responsible for oxytocin’s pro-migratory effect to

clarify: (i) the signalling pathways activated by the binding of

oxytocin to its GPCR in HUVECs; (ii) the involvement of

these pathways in the migratory response; and (iii) the

hierarchy between these pathways. Elucidating the signalling

events through which oxytocin regulates cell migration

represents a fundamental step in the possible pharmacological

exploitation of this peptide as a regulator of cell migration.

Methods

Cell cultures

HUVECs were isolated from freshly derived umbilical cords

by digestion with collagenase as described by Jaffe et al.

(1973). Cells were routinely grown in 199 medium, supple-

mented with 20% heat-inactivated fetal bovine serum,

25 mg ml�1 endothelial cell growth factor and 50 mg ml�1

heparin, and used at passages 2–7.

Cell migration and invasion assays

HUVEC migration and invasion were evaluated by

the means of chemotaxis and chemoinvasion experiments,

respectively, in a 48-well modified Boyden chamber, as

described previously (Cattaneo et al., 2003). Briefly, the

chemotaxis experiments were performed using 8mm Nuclepore

polyvinylpyrrolidine-free polycarbonate filters coated with

10 mg ml�1 of type IV collagen and placed over a lower

chamber containing oxytocin, Thr4Gly7-oxytocin (TG-

oxytocin) or vascular endothelial growth factor (VEGF) as

attractant factor. For the evaluation of the basal motility,

199 medium supplemented with 2% fetal bovine serum was

used in the lower chamber. Suspended in 199 media

containing 2% fetal bovine serum, the cells, after pretreat-

ment with the vehicle or the indicated drugs, were added to

the upper chamber at a density of 5�104 cells per well.

Drugs were continuously present during the experiments.

After 6 h of incubation at 37 1C, the non-migrated cells on

the upper surface of the filter were removed by scraping. The

cells that had migrated to the lower side of the filter were

stained with Diff-Quick stain (VWR Scientific Products,

Bridgeport, NJ, USA), and 5 unit fields per filter were counted

by a scorer, unaware of the experimental conditions, using a

Zeiss microscope. The assays were run in triplicate. Results

are reported as the mean number of cells migrated per

microscopic field or as chemotactic index, that is, the

number of cells that migrated in the presence of the

chemoattractant/number of cells that migrated with

medium only (basal migration). To distinguish between true

chemotaxis (that is, cell migration following a chemical

gradient) and chemokinesis (that is random activation of

movement due to the presence of a chemical), a ‘checkboard

analysis’ was performed, in which oxytocin was placed in the

upper and/or in the lower compartments of the Boyden

chamber. For the chemoinvasion assays, the filters were

coated with a layer of Matrigel (100 mg per filter), and the

Boyden chamber was assembled with the coated side of the

filter facing the cells in the upper compartment. The assays

were then performed as described for chemotaxis.

Immunoblot analysis

HUVECs, plated in 35-mm-diameter Petri dishes, were

treated for 30 min with the indicated drugs, stimulated for

10 min with TG-oxytocin, washed with phosphate-buffered

saline and then directly lysed in sodium dodecyl sulphate-

polyacrylamide gel electrophoresis sample buffer (62 mM Tris-

HCl, pH 6.8, 2% sodium dodecyl sulphate, 10% glycerol, 5%

2-mercaptoethanol and 0.04% bromophenol blue) containing

1 mM sodium orthovanadate. After sodium dodecyl sulphate-

polyacrylamide gel electrophoresis, proteins were transferred

onto nitrocellulose membranes that were blocked with 5%

(w/v) non-fat dried milk in TBS-T (Tris-buffered saline containing

0.05% Tween-20) and probed with the indicated primary

antibodies at a 1:1000 dilution in 5% non-fat dried milk in

TBS-T. After incubation with the appropriate peroxidase-

conjugated secondary antibody (1:3000 swine anti-rabbit

and 1:2000 rabbit anti-mouse antibodies, both diluted in 5%

non-fat dried milk in TBS-T; Dako, Glostrup, Denmark), the

immunoreactive bands were visualized with chemilumines-

cence (ECL; Amersham, Buckinghamshire, UK). The densito-

metric analysis of the immunoblots was performed using the

National Institutes of Health (NIH) Image J program.
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Statistical procedures

All data were expressed as mean±s.e.mean. Statistical

analysis was carried out using one-way ANOVA followed by

Bonferroni’s multiple comparison test, two-way ANOVA with

Tukey’s test or Student’s t-tests, where applicable. In the two-

way ANOVA analysis, we considered as factors the treatment

with the antagonists (SR49059 and OTA for Figure 1d, and

atosiban for Figure 3b) and the treatment with TG-oxytocin.

P-values of o0.05 were considered significant.

Reagents and antibodies

All tissue culture reagents (199 medium, fetal bovine serum,

endothelial cell growth factor and heparin) were from Sigma

Chemicals (St Louis, MO, USA). The following reagents were

purchased as indicated: human VEGF165 from Calbiochem

(Darmstadt, Germany); oxytocin, TG-oxytocin, Pertussis

toxin (PTx), U73122 and its inactive analogue U73343,

LY294002, No-nitro-L-arginine methyl ester hydrochloride

(L-NAME), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ),

tyrphostin AG1478 and SU5416 from Sigma Chemicals;

collagen type IV and Matrigel from BD Bioscience (Bedford,

MA, USA). The human vasopressin receptor antagonist

SR49059 [(2S)1-[(2R3S)-5-chloro-3-(2-chlorophenyl)-1-(3,

4-dimethoxybenzene-sulphonyl)-3-hydroxy-2,3-dihydro-1H-

indole-2-carbonyl]-pyrrolidine-2-carboxamide] (Serradeil-Le

Gal et al., 1993) and the oxytocin receptor antagonist

OTA [d(CH2)5[Tyr(Me)2,Thr4,Tyr-NH2
9]OVT] (Elands et al.,

1988) were gifts, respectively, of Claudine Serradeil-Le Gal,

Sanofi-Aventis Recherche and Développement, Toulouse,

France, and of Maurice Manning, College of Medicine,

Toledo, OH, USA.

Antibodies used were rabbit polyclonals anti-phospho

eNOS (Ser 1177) (Cell Signalling, Beverly, MA, USA), anti-

eNOS (Cayman Chemical, Ann Arbor, MI, USA), anti-

phospho AKT (Ser 473) (Biosource International, Camarillo,

CA, USA) and a mouse monoclonal anti-AKT (Upstate

Biotechnology, Lake Placid, NY, USA).

Results

Oxytocin and the selective analogue TG-oxytocin stimulate

HUVEC migration and invasion

We first investigated the ability of oxytocin to stimulate

HUVEC motility and invasion by the means of chemotaxis

Figure 1 Oxytocin stimulates HUVEC migration via oxytocin receptors. (a) Oxytocin (OT) was used as the attractant in the lower
compartment of a Boyden chamber, and the experiments were performed as described in the Methods section. The results are expressed as the
number of migrating cells in the presence of the indicated concentrations of oxytocin. Mean value±s.e.mean of three independent
experiments. *Po0.05 compared to basal migration. (b) Checkboard analysis of the chemotactic responsiveness to oxytocin (1 nM) placed in
the upper and/or the lower compartments of a Boyden chamber. The results are expressed as the number of migrating cells per field. Mean
value±s.e.mean of 15 counts from a representative experiment, repeated once with similar results. **Po0.001 compared to the other
treatments. (c) Chemotaxis assays using oxytocin (1 nM), Thr4Gly7-oxytocin (TG-OT, 1 nM) or VEGF (25 ng ml�1) in the lower compartment of
a Boyden chamber. The results are expressed as chemotactic index; that is, the number of cells migrating in the presence of the attractants
divided by the number of cells migrating in the presence of medium alone. Mean values±s.e.mean of 10–23 independent experiments.
One-way ANOVA showed no significant differences between treatments. (d) HUVECs were treated for 5 min with SR49059 (10 nM) or OTA
(10 nM) before chemotaxis in the presence of TG-OT (1 nM) as attractant. The results are expressed as the number of migrating cells per field.
Mean value±s.e.mean of three independent experiments. **Po0.001 compared to basal migration in the absence of any drug (control cells,
CTRL); NS and ##Po0.001 compared to TG-OT; no significant differences between basal values (two-way ANOVA with Tukey’s test). HUVEC,
human umbilical vein endothelial cell; VEGF, vascular endothelial growth factor.
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and chemoinvasion experiments. As shown in Figure 1a,

oxytocin induced HUVEC migration in a concentration-

dependent manner, showing the bell-shaped response curve

that is typical of the most chemotactic substances and probably

due to the gradient rupture that occurs at the highest

concentrations. As the maximal stimulation of cell motility

was observed at a concentration of 1nM, this concentration

was chosen for all of the subsequent experiments.

To distinguish true chemotaxis (that is, a directed

locomotory response following a chemical gradient) from

chemokinesis (that is, random movement activation due to

the presence of a chemical), we undertook a checkboard

analysis by placing 1 nM of oxytocin in the upper and/or

the lower compartments of a Boyden chamber. Figure 1b

shows that HUVECs only migrated in response to a positive

chemical gradient (that is, when the oxytocin was placed in

the lower compartment of the chamber), thus indicating

that oxytocin has true chemotactic activity.

To support the involvement of specific oxytocin receptors

in the promigratory action of oxytocin and to exclude that

this effect could be due to the possible interaction of the

hormone with vasopressin receptors (Gimpl and Fahrenholz,

2001), we performed the following experiments. We first

checked for the promigratory effect of an oxytocin-derived

agonist, TG-oxytocin, which binds to human oxytocin

receptors and vasopressin 1a receptors (V1a) with the same

affinities as oxytocin, but it is characterized by a much lower

affinity for V1b and V2 receptor subtypes (Chini and

Manning, 2007). As shown in Figure 1c, the chemotactic

index (that is, the fold stimulation induced by a chemo-

attractant over baseline values) of 1 nM oxytocin was

2.75±0.41 (n¼10), and the same concentration of TG-

oxytocin had an identical index of 2.72±0.16 (n¼15).

Oxytocin and its TG-oxytocin analogue were therefore

equally potent and effective in stimulating HUVEC motility.

Second, the specific V1a receptor inhibitor SR49059 (10 nM)

(Serradeil-Le Gal et al., 1993) affected neither basal nor TG-

oxytocin-stimulated response, thus excluding a V1a receptor

involvement (Figure 1d). These data are in agreement with

previously published reverse transcription-PCR experiments

in which no DNA amplification with primers specific for V1,

V2 and V3 vasopressin receptors was found in HUVECs

(Thibonnier et al., 1999). Finally, the selective oxytocin

receptor antagonist OTA (Elands et al., 1988) was used. As

can be seen in Figure 1d, OTA (10 nM) was devoid of any

agonist effect, although abolishing the TG-oxytocin-induced

HUVEC migration. All the above experiments strongly

suggest the involvement of specific oxytocin receptors in

TG-oxytocin-induced migration.

We also compared the promigratory effects of oxytocin

and TG-oxytocin with that of VEGF (the most potent and

specific promigratory endothelial factor currently known)

(Shibuya and Claesson-Welsh, 2006) and found that the

chemotactic index of VEGF (Figure 1c) was 3.36±0.23

(n¼23) thus indicating that 1 nM of oxytocin and TG-

oxytocin were almost as effective as VEGF (25 ng ml�1) in

inducing HUVEC migration (76 and 75% as effective). On

the basis of the above-described results, TG-oxytocin was

used as an oxytocin receptor-selective chemotactic agent in

the subsequent experiments.

The chemoattractant ability of TG-oxytocin was tested in

an invasion assay in which the use of Matrigel as a three-

dimensional matrix provided information not only about

cell motility, but also about the ability of the cells to cross

tissue barriers (Albini et al., 2004). As shown in Figure 2,

1 nm TG-oxytocin not only had a promigratory effect, but

also induced the same level of HUVEC invasion through a

layer of Matrigel as that induced by VEGF.

OTR/Gi coupling is not involved in promoting HUVEC migration

In peripheral tissues, oxytocin receptors are functionally

coupled to various G proteins (including Gq�11, Gi and Gh),

and are thus considered ‘promiscuous’ (Phaneuf et al., 1996;

Strakova and Soloff, 1997; Sanborn, 2001; Rimoldi et al.,

2003). As the G proteins involved in chemotactic factor

response are more often PTx sensitive (Thelen, 2001), we first

analysed the role of oxytocin receptor coupling to Gi in

promoting cell migration by performing chemotaxis experi-

ments with cells pretreated overnight with PTx (final

concentration of 15 ng ml�1), with TG-oxytocin (1 nM),

VEGF (25 ng ml�1) and lysophosphatidic acid (5 mM) as

chemoattractants (Moolenaar, 1999). As shown in

Figure 3a, PTx pretreatment did not interfere with the

chemotactic effect of TG-oxytocin, as its chemotactic index

was the same in the PTx-treated and -untreated cells. As

expected, the VEGF response, which is mediated by a

classical tyrosine kinase receptor, was not affected by the

toxin, whereas the stimulatory effect of lysophosphatidic

acid, which is mediated by both PTx-sensitive and PTx-

insensitive G proteins (Moolenaar et al., 2004), was partially

inhibited. These findings indicate that the promigratory

effect of TG-oxytocin acting on oxytocin receptors does not

depend on receptor coupling to Gi.

To confirm the role of PTx-insensitive G proteins of the Gq

family in the promigratory effect of oxytocin, we performed

chemotaxis experiments in the presence of a coupling-specific

ligand of the human oxytocin receptor. Coupling-specific

Figure 2 TG-oxytocin (TG-OT) induces HUVEC invasion through
Matrigel. The chemoinvasion experiments were performed as
described in the Methods section using Matrigel to coat the filters.
TG-OT (1 nM) or VEGF (25 ng ml�1) were used as attractants in the
lower compartment of a Boyden chamber. The results are expressed
as the number of migrating cells per field and are the mean
values±s.e.mean of 15 counts from a representative experiment,
repeated once with similar results. **Po0.001 compared to basal
invasion (medium alone). HUVEC, human umbilical vein endothelial
cell; VEGF, vascular endothelial growth factor.
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ligands are analogues that may only activate a selective

downstream signalling pathway in a promiscuous receptor

(Urban et al., 2007). It has been recently shown that

atosiban, a peptidic oxytocin derivative, acts as an agonist

at oxytocin receptor/Gi and as an antagonist at oxytocin

receptor/Gq�11 coupling, and is thus one of the first

pharmacologically characterized ‘coupling-specific agonists’

(Reversi et al., 2005). When used alone, atosiban did not

significantly affect HUVEC migration, but when used in

combination with TG-oxytocin, it completely inhibited

TG-oxytocin-stimulated HUVEC motility (n¼6, Figure 3b).

This result confirm that the promigratory effect of

TG-oxytocin does not depend on receptor coupling to Gi

and strongly supports the involvement of receptor coupling

to Gq�11.

Signals involved in oxytocin-stimulated HUVEC migration

Phospholipase C pathway. The results described above

suggest that the effects of oxytocin receptor on HUVEC

migration may be due to Gq coupling. As the main effector of

Gq is phospholipase Cb (PLCb), we performed chemotaxis

experiments in the presence of U73122, a widely used

inhibitor of PLC-linked events. As shown in Figure 4,

U73122 (5mM) inhibited TG-oxytocin-stimulated cell moti-

lity in HUVECs by 90±5.0%, whereas the same concentra-

tion of the inactive U73343 analogue had no effect. Neither

drug affected basal HUVEC motility (8.3±2.6 cells per field

for U73122 and 8.9±2.3 cells per field for U73343, n¼3) in

comparison with control cells (9.5±2.3 cells per field, n¼3).

These results indicate the strong involvement of the PLC

pathway in oxytocin receptor-mediated promigratory action

in HUVECs.

Endothelial NOS pathway. The PLC/calcium/calmodulin

pathway in HUVECs is particularly important because it

can induce the activation of endothelial nitric oxide

synthase (eNOS), leading to nitric oxide (NO) formation,

the activation of the soluble guanylate cyclase (sGC) and an

increase in cGMP production (Dudzinski et al., 2006). NO

plays a key role in endothelial cell migration (Dimmeler

et al., 2000) and angiogenesis (Fukumura et al., 2001;

Morbidelli et al., 2003), and its formation has been described

as being induced by oxytocin in HUVECs (Thibonnier et al.,

1999). For these reasons, we decided to test whether NO

production may be involved in the promigratory action

mediated by oxytocin receptors. As shown in Figure 5, the

NOS inhibitor L-NAME (100 mM) and the sGC inhibitor

ODQ (10 mM) (Garthwaite et al., 1995) reduced TG-oxytocin-

activated cell motility by, respectively, 58.7±7.5 and

65.5±3.5%, but neither affected basal HUVEC motility

(13.9±4.8 cells per field for L-NAME and 14.2±6.5 cells

per field for ODQ, n¼3) in comparison with control cells

(12.4±3.9 cells per field, n¼3). These results indicate that

Figure 3 Oxytocin receptor/Gi coupling is not involved in the
promigratory effect of TG-oxytocin (TG-OT). (a) HUVECs were
pretreated overnight with Pertussis toxin (PTx, 15 ng ml�1) before
chemotaxis in the presence of TG-OT (1 nM), VEGF (25 ng ml�1) or
LPA (5mM) as attractants. The results are expressed as chemotactic
index (see Figure 1c). Mean values±s.e.mean of three independent
experiments. **Po0.01 compared to LPA in the absence of PTx
pretreatment (Student’s t-tests). (b) HUVECs were treated for 5 min
with atosiban (100 nM) before chemotaxis in the presence of TG-OT
(1 nM) as attractant. The results are expressed as the number of
migrating cells per field. Mean values±s.e.mean of six independent
experiments. **Po0.001 compared to basal migration in the
absence of the drug (control cells, CTRL); ##Po0.001 compared to
TG-OT in the absence of atosiban; no significant differences between
basal values (two-way ANOVA with Tukey’s test). HUVEC, human
umbilical vein endothelial cell; LPA, .lysophosphatidic acid; VEGF,
vascular endothelial growth factor.

Figure 4 Effect of the phospholipase C inhibitor U73122 on
migration induced by TG-oxytocin (TG-OT). HUVECs were pre-
treated for 30 min with U73122 (5mM) or U73343 (5 mM) before
chemotaxis in the presence of TG-OT (1 nM) as attractant. The results
are expressed as the percentage of the maximal migration induced
by TG-OT in the absence of drugs (100%). Mean values±s.e.mean
of three independent experiments. **Po0.001 compared to TG-OT.
HUVEC, human umbilical vein endothelial cell.
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the NO/sGC pathway is partially involved in the endothelial

cell migration initiated by oxytocin receptors.

PI-3-K/AKT pathway. eNOS is generally activated through a

PLC/calcium/calmodulin pathway, but eNOS activation may

also occur via the phosphatidylinositol-3-kinase (PI-3-K)/

AKT pathway, in which it is activated by AKT-mediated

phosphorylation in a specific serine residue, at position 1177

in the human sequence (Dudzinski et al., 2006). As shown in

Figure 6a, TG-oxytocin phosphorylated eNOS in position

1177, and this phosphorylation is inhibited by the PI-3-K

inhibitor LY294002 (20 mM). A densitometric analysis per-

formed on four independent experiments is shown in

Figure 6b. AKT was phosphorylated after TG-oxytocin

treatment (see Figure 8) and, as expected, this phosphoryla-

tion was also blunted by LY294002 (data not shown). These

data indicate that, in addition to the PLC/calcium pathway,

oxytocin receptors also activate the PI-3-K/AKT pathway and

phosphorylate eNOS. The inhibition of PI-3-K activity by

LY294002 reduced TG-oxytocin-induced chemotaxis in

HUVECs by 85.0±2.5% (Figure 6c) without affecting basal

motility (11.4±1.3 cells per field in the absence, and

12.9±2.3 cells per field in the presence of LY294002). These

results suggest that the PI-3-K pathway is crucial for the

promigratory effect of TG-oxytocin. Furthermore, the PI-3-K/

AKT pathway is upstream of eNOS because, as shown above,

its inhibition by LY294002 abolished the phosphorylation of

eNOS induced by TG-oxytocin.

Transactivation experiments. In an attempt to elucidate the

mechanism(s) by which oxytocin receptors (which belong to

the GPCR family) can activate the PI-3-K signalling and

consequently, migratory behaviour in HUVECs, we investi-

gated the possibility of an oxytocin receptor-mediated

transactivation of epidermal growth factor receptor and/or

VEGF receptor. To this end, HUVECs were pretreated for

30 min with the epidermal growth factor receptor-specific

antagonist tyrphostin AG1478 (3 mM) or the specific VEGF

receptor inhibitor SU5416 (5 mM), and then challenged with

1 nM TG-oxytocin as chemoattractant. As shown in Figure 7,

AG1478 had no effect on TG-oxytocin-stimulated cell

migration, and SU5416 induced only a small and not

significant decrease (18±5.5%, n¼3), although they were

both very effective inhibitors of HUVEC motility when used

Figure 6 Involvement of the PI-3-K/AKT pathway in migration
induced by TG-oxytocin (TG-OT). (a) HUVECs were preincubated for
30 min with LY294002 (20mM) before being stimulated with TG-OT
(10 nM) for 10 min. Aliquots of cell lysates (30mg protein per lane)
were separated by 7.5% SDS-PAGE and immunoblotted with the
indicated antibodies. The experiment was repeated four times with
similar results. (b) Densitometric analysis of four independent
experiments performed as described in (a). Each bar represents the
mean value±s.e.mean. **Po0.001 compared to basal; ##Po0.001
compared to TG-OT. (c) In parallel experiments, HUVECs were
pretreated with LY294002 as described in (a) before chemotaxis in
the presence of TG-OT (1 nM) as attractant. The results are expressed
as the percentage of the maximal migration induced by TG-OT in
the absence of LY294002 (100%). Mean values±s.e.mean of four
independent experiments. **Po0.001 compared to TG-OT. EGF,
epidermal growth factor; HUVECs, human umbilical vein endothelial
cells; PI-3-K, phosphatidylinositol-3-kinase; SDS-PAGE, sodium do-
decyl sulphate-polyacrylamide gel electrophoresis.

Figure 5 Effect of L-NAME and ODQ on migration induced by TG-
oxytocin (TG-OT). HUVECs were pretreated for 30 min with the NOS
inhibitor L-NAME (100mM) or the soluble guanylate cyclase inhibitor
ODQ (10mM) before chemotaxis in the presence of TG-OT (1 nM) as
attractant. The results are expressed as the percentage of the
maximal migration induced by TG-OT in the absence of inhibitors
(100%). Mean values±s.e.mean of three independent experiments.
**Po0.001 compared to TG-OT. HUVEC, human umbilical vein
endothelial cell; L-NAME, No-nitro-L-arginine methyl ester hydro-
chloride; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one.
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against their related specific growth factor. These data

indicate that oxytocin receptor-induced HUVEC migration

does not depend on epidermal growth factor receptor or

VEGF receptor transactivation.

Relationship between PLC and PI-3-K activation. Although our

results indicated the strong involvement of the PLC and the

PI-3-K pathways in the promigratory effect of TG-oxytocin

(see Figures 4 and 6c), we tried to elucidate the relationship

between oxytocin receptor-induced PLC and PI-3-K activa-

tion in HUVECs. As shown in Figure 8, at a concentration

of 5 mM, the PLC-linked events inhibitor U73122 abolished

TG-oxytocin-induced AKT phosphorylation, thus indicating

that PLC plays a crucial role in AKT activation. It also

inhibited the phosphorylation of eNOS induced by TG-

oxytocin. In the same experiments, a 5 mM concentration of

the inactive compound U73343 had no effect on AKT or

eNOS phosphorylation.

Discussion

The results of this study demonstrated that, at nanomolar

concentrations, oxytocin and its analogue, TG-oxytocin,

stimulated HUVEC migration to almost the same extent as

VEGF, the most potent proangiogenic factor acting in vivo on

endothelial cells (Shibuya and Claesson-Welsh, 2006). We

also found that TG-oxytocin could induce HUVECs to cross a

three-dimensional protein matrix in an invasion assay, once

again similar to VEGF. This contrasts with the lack of effect

on HUVEC migration found by Cassoni et al. (2002) but,

together with experimental variability in HUVEC prepara-

tion and/or maintenance in culture, this may be explained

by the fact that oxytocin was used at a concentration of

100 nM, which is already in the descending part of the bell-

shaped dose–response curve (Figure 1a).

As previously observed in its opposing effects on cell

proliferation (Bussolati and Cassoni, 2001; Guzzi et al., 2002;

Rimoldi et al., 2003), oxytocin may either inhibit or

stimulate cell migration. It has been found to inhibit the

migration of ovarian cancer cells (Morita et al., 2004), but it

promotes the migration of HUVECs (this study), immorta-

lized human dermal endothelial cells and breast-derived

endothelial cells (Cassoni et al., 2006). As the opposing

effects of oxytocin on cell proliferation may originate from

the different activation of specific oxytocin-mediated signal-

ling pathways, even in a single cell type (Rimoldi et al.,

2003), elucidating the signalling events through which

oxytocin regulates cell migration is a fundamental step in

understanding its role in those pathophysiological condi-

tions in which oxytocin-mediated cell migration may be

involved.

The biological effects of oxytocin are mediated by its

binding to a specific oxytocin receptor belonging to the class

of GPCRs. In the human genome, oxytocin receptors are

encoded by a single gene located on chromosome 3 and it is

generally assumed that the majority of its actions are due to

the activation of this unique receptor subtype (Gimpl and

Fahrenholz, 2001). As has been demonstrated for a number

of GPCRs, oxytocin receptors are promiscuous receptors that

can couple to both Gq and Gi by activating multiple

intracellular responses (Phaneuf et al., 1996; Strakova and

Soloff, 1997; Sanborn, 2001; Rimoldi et al., 2003). Notably,

the signalling pathways activated by oxytocin receptors may

act synergistically, as in the case of the contraction induced

in myometrial cells by oxytocin receptor coupling to Gq and

the small G proteins of the Rho family (Sanborn, 2001), but

they may also have opposing effects on the same cell

function. In HEK293 cells stably transfected with human

oxytocin receptors, receptor coupling to Gi is responsible for

inhibiting cell growth, whereas receptor coupling to a

different G protein (possibly Gq) is associated with the

stimulation of cell growth (Guzzi et al., 2002; Rimoldi et al.,

2003). We have now shown that the promigratory effect of

oxytocin in HUVECs is PTx insensitive (that is not depen-

dent on Gi coupling) and inhibited by the specific oxytocin

receptor antagonist OTA (Elands et al., 1988) and also by

atosiban, a peptidic compound endowed with biased agonist

properties that acts as an antagonist at the Gq pathway and

as an agonist at the Gi pathway (Reversi et al., 2005). These

Figure 7 Effect of AG1478 and SU5416 on migration induced
by TG-oxytocin (TG-OT). HUVECs were pretreated for 30 min with
the EGFR inhibitor AG1478 (3mM) or the VEGF receptor inhibitor
SU5416 (5 mM) before chemotaxis in the presence of TG-OT (1 nM),
EGF (50 ng ml�1) or VEGF (25 ng ml�1) as attractants. The results are
expressed as the percentage of the maximal migration induced by
TG-OT, EGF or VEGF in the absence of inhibitors (100%). Mean
values±s.e.mean of three independent experiments. NS compared
to TG-OT; **Po0.001 compared to EGF or VEGF in the absence of
drugs. EGF, epidermal growth factor; HUVECs, human umbilical vein
endothelial cells; VEGF, Vascular endothelial growth factor.

Figure 8 Effect of the PLC inhibitor U73122 on the eNOS and AKT
phosphorylation induced by TG-oxytocin (TG-OT). HUVECs were
preincubated for 30 min with U73122 (5mM) or U73343 (5mM)
before being stimulated with TG-OT (10 nM) for 10 min. Aliquots
of cell lysates (30mg protein per lane) were separated by 7.5%
SDS-PAGE and immunoblotted with the indicated antibodies. The
experiment was repeated three times with similar results. eNOS,
endothelial nitric oxide synthase; HUVEC, human umbilical vein
endothelial cell; PLC, phospholipase C; SDS-PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis.
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results suggest that Gq is the primary G-protein coupling

oxytocin receptors to the promigratory effect of oxytocin in

HUVECs. The suggestion that oxytocin receptors act via a

Gq/PLC-dependent pathway is further strengthened by the

ability of the PLC-linked event inhibitor U73122 to suppress

the HUVEC motility stimulated by TG-oxytocin by more

than 90%.

To elucidate the sequence of intracellular signals originat-

ing from PLC and involved in oxytocin-stimulated endothe-

lial cell migration, we first examined the role of NO. As a

result of eNOS activation, NO production plays an important

role in the control of endothelial cell motility and, more

generally, in the control of angiogenesis, and it has been shown

that the messenger is generated in a calcium-dependent

manner by oxytocin in HUVECs (Thibonnier et al., 1999).

We found that the pharmacological inhibition of eNOS by

L-NAME and of sGC by ODQ induces a partial inhibition of

oxytocin-stimulated HUVEC migration, thus indicating that

NO production and the consequent sGC activation are

involved in the migratory response. However, as the PLC

inhibitor U73122 almost completely abolished the action of

oxytocin, the presence of additional signalling components

depending on PLC activation is required to stimulate

migration.

The GPCR-mediated activation of eNOS is a quite complex

process that involves both calcium-dependent and calcium-

independent mechanisms (Dudzinski et al., 2006). Receptors

coupled to Gq proteins activate PLCb, mobilize intracellular

calcium and promote rapid eNOS activation via a Ca2þ /

calmodulin-dependent mechanism. However, ligands such

as lysophosphatidic acid and sphingosine 1-phosphate can

stimulate eNOS via a Gi, PTx-sensitive pathway, which

involves a PI-3-K/AKT cascade leading to eNOS phosphoryla-

tion at serine 1177 (in the human sequence). In HUVECs, we

found that TG-oxytocin phosphorylates eNOS at serine

1177, and the dependence of this phosphorylation on the

PI-3-K/AKT pathway was confirmed by its inhibition in the

presence of the PI-3-K inhibitor LY294002. Furthermore,

TG-oxytocin was able to induce AKT phosphorylation, which

was blunted by LY294002. These results indicate that

oxytocin receptor activation by TG-oxytocin in HUVECs

stimulates the PI-3-K/AKT pathway, which in turn is

responsible for eNOS phosphorylation Furthermore, the

PI-3-K inhibitor LY294002 almost completely suppressed the

oxytocin receptor-induced migration, thus suggesting that

the PI-3-K/AKT pathway plays a central role in controlling

the endothelial cell motility stimulated by oxytocin recep-

tors. However, the ability of oxytocin receptors to phos-

phorylate AKT and eNOS and activate motility is not PTx

dependent but Gq/PLC dependent, as the PLC inhibitor

U73122 abolished all of these oxytocin receptor-stimulated

events. These findings suggest a new intracellular pathway

(currently under investigation) in which the PI-3-K/AKT

pathway is activated by PLC, and which plays a major role in

controlling the oxytocin receptor-induced migration of

HUVECs (Figure 9).

In conclusion, the promigratory and proinvasive effects

of oxytocin shown here in HUVECs, together with the

previously reported stimulatory effect on proliferation

(Thibonnier et al., 1999), suggest that this hormone may

contribute in vivo to the onset of angiogenesis, a process that

requires the degradation of the extracellular matrix and the

proliferation and migration of endothelial cells. Experiments

specifically addressed to test other oxytocin angiogenic

activities are underway.
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