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Protease nexin-1 regulates retinal vascular development
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Abstract We recently identified protease nexin-1 (PN-1)

or serpinE2, as a possibly underestimated player in main-

taining angiogenic balance. Here, we used the well-

characterized postnatal vascular development of newborn

mouse retina to further investigate the role and the mech-

anism of action of PN-1 in physiological angiogenesis. The

development of retinal vasculature was analysed by

endothelial cell staining with isolectin B4. PN-1-deficient

(PN-1-/-) retina displayed increased vascularization in the

postnatal period, with elevated capillary thickness and

density, compared to their wild-type littermate (WT).

Moreover, PN-1-/- retina presented more veins/arteries

than WT retina. The kinetics of retinal vasculature devel-

opment, retinal VEGF expression and overall retinal

structure were similar in WT and PN-1-/- mice, but we

observed a hyperproliferation of vascular cells in PN-1-/-

retina. Expression of PN-1 was analysed by immunoblot-

ting and X-Gal staining of retinas from mice expressing

beta-galactosidase under a PN-1 promoter. PN-1 was

highly expressed in the first week following birth and then

progressively decreased to a low level in adult retina where

it localized on the retinal arteries. PCR arrays performed on

mouse retinal RNA identified two angiogenesis-related

factors, midkine and Smad5, that were overexpressed in

PN-1-/- newborn mice and this was confirmed by RT-

PCR. Both the higher vascularization and the overexpres-

sion of midkine and Smad5 mRNA were also observed in

gastrocnemius muscle of PN-1-/- mice, suggesting that

PN-1 interferes with these pathways. Together, our results

demonstrate that PN-1 strongly limits physiological

angiogenesis and suggest that modulation of PN-1

expression could represent a new way to regulate

angiogenesis.
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Introduction

Angiogenesis is the growth of new blood vessels from

existing ones and results from endothelial cell migration

and proliferation. It is an essential process, not only for

tissue/organ development but also for tissue remodelling

following injury. Angiogenesis is tightly controlled by a

physiological balance between stimulatory and inhibitory

signals for blood vessel growth. In physiological condi-

tions, the vascular network of adults is a stable system and

angiogenesis occurs essentially during wound healing or in

the uterus during the menstrual cycle. However, in patho-

logical conditions such as ischaemic and inflammatory

diseases or cancer, the angiogenic balance can be dis-

turbed, leading to abnormal neovascularization. The switch
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to the angiogenic phenotype thus depends on a local

change in the balance between pro- and anti-angiogenic

molecules. Among the regulators of angiogenesis, mem-

bers of the serpin superfamily such as antithrombin (AT)

[1], pigment epithelium-derived factor (PEDF) [2] or PAI-

1 [3] have been identified in different models in vitro and

in vivo. Serpins form a large family of structurally related

proteins present in the plasma or in tissues and play a

central role in the regulation of protease activity. Many of

them, including AT and PAI-1, are suicide inhibitors using

a unique and extensive conformational change to inhibit

proteases. However, some, like PEDF, are devoid of anti-

protease activity [4] and both AT and PEDF play a role in

angiogenesis independently of protease inhibition.

We recently identified protease nexin-1 (PN-1 or ser-

pinE2), an inhibitory serpin, as a new player in the control

of angiogenic balance [5]. PN-1 is the most efficient tissue

inhibitor of thrombin, but also a powerful inhibitor of

plasminogen activators [6, 7], proteases largely involved in

tissue remodelling. It is expressed by nerve and vascular

cells, essentially localized in the pericellular space. PN-1 is

also secreted by platelets upon activation and is often found

to be overexpressed at sites of tissue injury [8]. We have

shown that PN-1 has an anti-angiogenic activity in vitro on

HUVEC responses to VEGF, including proliferation,

migration, capillary tube formation and on cell spreading

on vitronectin. These effects were related to the interaction

of PN-1 with endothelial cell glycosaminoglycans, but did

not require the anti-protease activity of the serpin in vitro.

Invalidation of the PN-1 gene in mice generates viable

animals. PN-1-deficient mice (PN-1-/-) do not present an

obvious phenotype, with the exception of male infertility

due to an altered semen protein composition [9]. However,

in stress-related conditions, these mice develop abnormal

responses indicating that PN-1 may be important for tissue

repair. Indeed, they exhibit a significant delay in synapse

reinnervation in a model of nerve regeneration [10] and an

increased thrombosis response induced by vascular injury

[11]. We have shown that the microvascular network

sprouting from aortic rings derived from PN-1-/- mice was

significantly enhanced compared to that of rings from wild-

type (WT) mice [5].

In the present study, we further characterized the anti-

angiogenic activity of PN-1, using the postnatal vascu-

larization of the mouse retina as a model system to study

physiological angiogenesis. The mouse retina is one of the

best characterized models for in vivo vessel formation, as

it occurs after birth and displays all of the processes

involved in angiogenesis (i.e. sprouting, branching,

fusion, remodelling and maturation) [12, 13]. Develop-

ment of retinal blood vessels in mice occurs in the first

week of postnatal life to form a highly organized two-

dimensional vascular plexus. Blood vessels begin to form

at the centre of the retina and the vascular plexus grows

outwards towards the periphery to generate a regular

alternating pattern of arteries and veins with an inter-

vening capillary network. Our results show that PN-1

deficiency increased postnatal angiogenesis and resulted

in hypervascularization of the retina. To our knowledge,

such a phenotype with an increased number of veins and

arteries has never been observed in genetically modified

mice. Similar results were obtained in muscle and confirm

that PN-1 is, as yet, an underestimated regulator of

angiogenesis.

Materials and methods

Animals

Wild-type C57BL/6 and PN-1-deficient mice (PN-1-/-)

[14], backcrossed for 12 generations, were generated by

heterozygous mating and bred in-house. The PN-1 geno-

type of animals was determined by PCR. All experiments

were performed on littermates in accordance with French

ethical laws and were approved by the local Ethics Com-

mittee (Comité d’éthique Paris Nord No. 121; 2011-14/69-

0035).

PN-1/LacZ reporter mice were generated as previously

described (PN-1 KI mice) [15]).

Whole-mount retina staining

At the designated postnatal time, the mouse eyes were

enucleated and briefly fixed for 10 min in 4 %

paraformaldehyde/PBS solution (PFA). Retinas were dis-

sected and fixed in 4 % PFA at 4 �C overnight and washed

before staining. Immunostaining was performed as descri-

bed [16] using isolectin B4-Alexa 568 conjugate

(Invitrogen), anti-NG2-Alexa 488 conjugate (Millipore),

polyclonal anti-glial fibrillary acidic protein (GFAP)

(Dako), monoclonal anti-a-smooth muscle actin-Cy3 con-

jugate (Sigma) or monoclonal anti-Ki-67-Alexa 488

conjugate (Cell signalling). An anti-rabbit IgG-Alexa 568

conjugate (Sigma) was used for GFAP staining. Retinas

were flat mounted using Fluorescent mounting medium

(Dako).

Retinal vessel growth was evaluated by measuring the

ratio of the maximum length from the optic disc to the edge

of the vessel to the retina length. The capillary density was

estimated by the ratio of capillary area to the corresponding

100 9 300 lm area just behind the vascular front, using

ImageJ software. Six to eight areas were analysed per

retina. Other parameters: branch points, vessel thickness

and length, number of segments and holes were measured

by BioAnalyser software on at least four mice per group.
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Isl?Ki67? endothelial cells were manually scored in six

random fields per retina of four mice per group.

Histology and frozen sections

Enucleated mouse eyes after removing of the lens and

excised gastrocnemius muscle were embedded in optimal

cutting temperature (OCT) compound in liquid nitrogen.

Eyeballs were previously fixed for 10 min in 4 % PFA and

incubated successively in 10, 20 and 30 % sucrose solu-

tions for 2 h each. Sections (10 lm) were cut in a cryostat,

placed on glass slides and allowed to dry for 20 min.

For histology, eyes were fixed in 0.5 % glutaraldehyde,

4 % PFA for 2 h, dehydrated and mounted in historesin.

5 lm sections were cut and stained with toluidine blue.

X-Gal staining

Whole retinas were fixed for 15 min in 4 % PFA and

retinal sections for 5 min in 0.5 % glutaraldehyde and then

incubated at 37 �C with X-Gal staining solution (20 mM

potassium ferricyanide, 20 mM potassium ferrocyanide,

5 mM MgCl2, 1 mg/ml X-Gal in PBS).

Protein analysis

Eyes from pups or adult mice were removed and briefly

fixed for 10 min in 4 % PFA. The retinas were dissected

out, washed and lysed (two retinas per lysate) in 0.1 ml of

RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 %

NP40, 1 % sodium deoxycholate, 0.1 % sodium dodecyl

sulphate) containing a cocktail of protease inhibitors

(1:100; Sigma), briefly sonicated and centrifuged at

10,000g at 4 �C. The supernatant was recovered and the

protein concentration was determined using the BCA pro-

tein assay (Pierce).

Immunoblotting

Samples (30 lg) were electrophoresed in 4–20 % poly-

acrylamide gel (Pierce) and electrotransferred to

nitrocellulose or PVDF membrane.

Immunoblotting was performed with anti-PN-1 mono-

clonal 4B3 (Santa Cruz), monoclonal rabbit anti-Smad5

(Cell Signalling), polyclonal anti-midkine (Santa cruz) or

monoclonal anti-b actin (Abcam), followed by goat anti-

rabbit or anti-mouse secondary antibodies-HRP conjugate

(Jackson).

VEGF

VEGF was quantified in retinal lysates using mouse VEGF

ELISA (Quantikine, R&D).

Antibody array

Analysis of the expression profile of angiogenesis-related

proteins was performed on WT and PN-1-/- retina lysates at

postnatal days 2 using an angiogenesis antibody array (Pro-

teome ProfilerMouseAngiogenesis Array kit, R&D). Lysates

of four retinas in 0.1 ml of buffer [1 % Triton X 100 in PBS,

containing a cocktail of protease inhibitors (Sigma)] were

used. Positive signals were quantified using Bio1D software.

RNA analysis

Quantitative reverse transcription real-time PCR

(qRT-PCR)

Total RNA was extracted from pools of 16 retinas at P2 or

extracted from the tibialis muscle after crushing, using TRIzol

Reagent (Invitrogen) according to themanufacturer’sprotocol.

RNA was reverse-transcribed into cDNA using oligo dT

primers and Superscript II Reverse Transcriptase (Invitro-

gen). Real-time PCR was performed on cDNA with Light

Cycler FastStart DNA Master plus SYBR Green I (Roche

Applied Science) and using the primers listed in supple-

mentary material (Table SI). The level of expression of the

target gene was normalized to that of Hsp90ab1 for retina

or that of GAPDH for the tibialis muscle in each sample.

Microarray

The expression profile of 84 key angiogenesis-related genes

was analysed using the RT2 Profiler Angiogenesis PCR array

according to the manufacturer’s protocol (Qiagen). Total

retinal RNA was extracted from pools of ten retinas at P2

using TRIzol Reagent (Invitrogen). RNA was purified using

RNase-free Dnase I and RNeasy MinElute Cleanup kit,

according to the manufacturer’s instructions (Qiagen). First-

strand cDNAs were synthesized from 1 lg of total RNA

using the RT2 First Strand Kit. Amplification and detection

was then performed with RT2SYBR Green Mastermix in

CFX96 Real time System C1000 Thermal Cycle (Bio Rad).

The average DCt value for each gene and each treatment

group across triplicate arrays was calculated and normalized

using Hsp90ab1. DDCt for each gene were determined for

WT and PN-1-/- samples and the fold change was calcu-

lated using the formula: fold change = 2ð�DDCtÞ.

Results

PN-1-deficient retinas have an increased vasculature

In the newborn mouse retina, an organized two-dimen-

sional vascular architecture develops from the optic disc to
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the periphery of the retina during the early postnatal period.

By staining endothelial cells with isolectin B4, we com-

pared the retinal vascular development in WT and PN-1-

deficient littermates on flat-mount retinas (Fig. 1). PN-1

deficiency did not modify the radial vascular expansion and

kinetics of vessel development. Indeed, the growth of the

vascular plexus between the optic disc and the periphery

during the first postnatal week was similar for the WT and

PN-1-/- retinas (Fig. 1a, arrows and quantification).

However, analysis of the retinal vascular network demon-

strated a very significant enhancement of postnatal

angiogenesis in the retina of PN-1-/- mice compared to

WT mice. Indeed, we observed an increase in the capillary

density in PN-1-/- retinas (Fig. 1b), as confirmed by

densitometric analysis that revealed a significant increase

from postnatal day 4 (P4) to P7 (Fig. 1b). Moreover, the

number of branch points, capillary thickness and length,

and the number of intercapillary spaces were all signifi-

cantly increased in PN-1-/- retina (Fig. 2).

Arteries and veins can easily be distinguished by mor-

phological criteria. Retinal arteries are indeed surrounded

by capillary-free zones, whereas veins, which alternate

with arteries, are not, and tend to be slightly wider than

arteries [17]. Remarkably, we observed that the number of

veins/arteries was higher in PN-1-/- than in WT mice

retinas (Fig. 3). Indeed, we observed five veins and five

arteries in most WT retinas, whereas this number was

increased in most PN-1-/- retinas, with six or seven veins

and arteries (Fig. 3d). This difference was observed as soon

as veins and arteries could be distinguished, i.e. around P4,

and was still apparent in adult retinas (Fig. 3c).

These results thus indicate an obvious difference in the

characteristics of the vasculature of PN-1-deficient retina,

with an increased capillary density and also an increased

number of major vessels, compared to WT.

PN-1 is highly expressed at the early stages of retinal

vascular development

PN-1 expression was analysed by western blotting of WT

retinal lysates at different postnatal times with a mono-

clonal anti-PN-1 antibody. As previously observed in

different cell lines and tissues [18–21], PN-1 was detected

as a 50 kDa migrating protein (Fig. 4a). Following birth,

PN-1 protein expression was high, increased transiently

with a maximum around postnatal day 3 (P3) and then

progressively decreased to an almost undetectable signal in

adult retina (Fig. 4a). The pattern of PN-1 expression was

Fig. 1 Vascularization of the

retina of 4- and 6-day-old pups

(P4 and P6, respectively) was

analysed by endothelial cell

staining with isolectin B4 (in

red). Flat-mount retina from

wild-type (WT) and PN-1-

deficient mice (PN-1-/-) are

shown. a Total retina, scale bar

1 mm. The vascular radius

indicated by arrows was

measured, and the results were

expressed as the percentage of

retinal radius (3–4 sections per

retina, n C 4 retinas from

different animals).

b Magnification, scale

bar 150 lm at P4, 100 lm at

P6. Representative images are

shown. Capillary density was

analysed after magnification of

the 100 9 300 lm areas

indicated by rectangles and

quantified as the percentage of

area covered by vessels (6–8

sections per retina, n C 4

retinas from different animals)
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also analysed by X-Gal staining of PN-1/LacZ retina, in

which b-galactosidase activity reported PN-1 expression

(Fig. 4b-d and increased magnification in supplemental

Fig. S2). The expression of PN-1 was intense and wide in

the retina with a peak at P3 (Fig. 4b). Later, it increased

progressively in the retinal vessels, but decreased in other

areas. Both our immunoblotting results and X-Gal staining

of PN-1/LacZ retina thus indicate a wave of PN-1 during

retinal vascular development. The localization of PN-1 was

then mostly restricted to the retinal arteries (distinguished

from veins by their distinct morphologies), where it was

essentially detectable in the adult (Fig. 4b, c).

In addition to the retinal vascular development, the

neural retina undergoes considerable remodelling during

this developmental program, with the formation of the

inner and outer nuclear layers (INL and ONL, respectively,

supplemental Fig. S1). X-Gal staining of PN-1/lacZ retinal

sections indicated that the cells expressing PN-1 were

localized in all developing retinal cell layers as well as in

the choroid (Fig. 4d) up to P8, and then progressively

localized to the ganglion cell layer (GCL) and to the inner

and outer edges of the inner nuclear layer (INL). From P8,

PN-1 expression was observed only in these vascularised

layers (Fig. 4d).

PN-1 deficiency does not alter retinal structure

To analyse whether the difference in retinal vasculature

could be related to structural retinal differences in WT

and PN-1-/- mice, we compared retinal sections histo-

logically. PN-1-/- retinas presented a normal retinal cell

organization in three layers of nerve cell bodies (GCL,

INL and ONL) and two layers of synapses, similar to WT

retinas (Fig. 5a). As astrocytes and pericytes are deter-

minants of vascular guidance and maturation,

respectively, we also examined their retinal distribution

by immunostaining of either PDGFRa, GFAP or NG2 on

whole-mount retinas. Pericyte coverage (NG2 labelling)

of the vessels (isolectin labelling) (Fig. 5b) as well as

distribution and maturation of retinal astrocytes across the

retina (PDGFRa and GFAP labelling Fig. 5c) was similar

in PN-1-/- retinas compared with WT. Together, these

observations indicate that the higher retinal vascular

network in PN-1-/- mice is not due to a modification of

the overall retinal structure or of a scaffold effect of

astrocytes.

Endothelial cell proliferation is increased

in PN-1-deficient retina

Isolectin B4 labelling of the angiogenic front revealed that

the number and morphology of endothelial tip cells and

filopodia were similar in WT and PN-1-/- retinas

(Fig. 6a). However, quantification of proliferating

endothelial cells (Isl?Ki67? cells) indicated that prolif-

eration was higher in PN-1-/- than in WT retinas at the

vascular front (Fig. 6b), in agreement with our previous

in vitro data [5].

Fig. 2 PN-1 deficiency is

associated with an increased

retinal vascularization.

Quantification of capillary

thickness, length, number of

junctions and of intercapillary

spaces was performed on the

areas indicated in Fig. 1b using

the Biologic Analyser Software

(6–8 sections per retina, n C 4

retinas from different animals).

*p\ 0.05, **p\ 0.01,

***p\ 0.0001 vs. WT

Protease nexin-1 regulates retinal vascular development 4003

123



PN-1 deficiency results in an increase of midkine

and Smad5 expression

As endothelial cells respond to VEGF gradients by tip cell

formation and guide migration in the developing mouse

retina, [16], we compared VEGF levels in retinal lysates

from WT and PN-1-/- mice by ELISA. Results revealed

similar expression for VEGF during postnatal development

in WT and PN-1-/- retinas from P1 to P10 (Fig. 7a). In

both types of mice, VEGF levels increased from P1 to P3

and then decreased to P6, before increasing again to P8 and

going back to significantly lower levels from P10 to adult,

in agreement with the kinetic of expression of VEGF

mRNA previously observed in WT retinas and according to

the two phases of vascular development [22].

To better understand how PN-1 regulates retinal vas-

cular development, we performed comparative antibody

and PCR arrays on retinal lysates and RNA, respectively,

from P2 PN-1-/- and WT mice. The relative expression

levels of 53 mouse angiogenesis-related proteins was

analysed and compared using the mouse angiogenesis

proteome profiler array, including growth and differentia-

tion factors, extracellular matrix components, proteases,

membrane-bound receptors and intracellular signalling

molecules. However, no significant difference in protein

expression between PN-1-/- and WT mice was observed

for any of the factors analysed (n C 3 lysates per mouse

type) (supplemental Table II). The expression of other

angiogenic factors was assessed using the Mouse Angio-

genesis RT2 Profiler PCR Array, and a few of them,

corresponding to major angiogenic proteins, were also

analysed in the antibody array (supplemental Table III). Of

the 84 genes analysed, only 2 appeared to be significantly

differentially expressed in WT and PN-1-/- mice, the

neurite growth factor 2 midkine (MK) (1.98 fold,

p = 0.04) and the signal mediator for bone morphogenic

protein (BMP) Smad5 (1.39 fold, p = 0.002). Increased

mRNA expression in PN-1-/- was confirmed for both

factors by conventional RT-PCR (1.6-fold for midkine,

p = 0.0218, and 2.8-fold for Smad5, p = 0.0001)

(Fig. 7b). PCR array analysis indicated also a tendency for

increased expression of transforming growth factor beta

receptor I (TGFbR1) and hypoxia-inducible factor 1 alpha

subunit (Hif1a) in PN-1-/- compared to WT mice. How-

ever, TGFbR1 and Hif1a expressions were comparable in

PN-1-/- and WT retinas when analysed by conventional

RT-PCR.

Protein analysis of MK and Smad5 was performed by

immunoblotting of retinal lysates from WT and PN-1-/-

pups (Fig. 7c). MK was detected at *16 kDa in both WT

and PN-1-/- at P4. Densitometric analysis of the blots

indicated a significantly increased expression of MK in

PN-1-/- retinas. In contrast, the expression of Smad5

protein, detected at *60 kDa, was similar in WT and

PN-1-/- retinas (Fig. 7c).

PN-1-deficient mice have also more vessels

in the muscle

We also analysed the effect of PN-1 deficiency in another

mouse tissue to determine if our observations were specific

Fig. 3 PN-1 deficiency is associated with an increased retinal

vascularization—quantification of retinal veins and arteries.

a Whole-mount WT and PN-1-/- P7 retinas were stained with

isolectin B4; rectangles bordering the central optic nerve area are

shown in higher magnification in b. c Vascularization of adult retina.

Flat-mount retinas were immunostained with antibody to smooth

muscle alpha actin (in green) to reveal mainly retinal arteries.

Representative images from at least three different animals are

shown. d The number of retinal veins and arteries was counted

manually. It ranged from 4 to 7 in WT and PN-1-/- retina (mice from

P4 to adult age were pooled, with n = 40 for each genotype). For

each genotype, the number of retinas having four, five, six or seven

veins and arteries was compiled, and the results were expressed as the

percentage of the total number of retinas
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or not to the retina. Because adult skeletal muscle is highly

vascularized to support oxygenation and metabolic

demands of this tissue, we analysed vascularization of the

gastrocnemius muscle. Isolectin (Fig. 8a) and smooth

muscle actin (Fig. 8b) labelling of endothelial cells and

smooth muscle cells, respectively, in gastrocnemius muscle

also indicated a significantly increased vascularization in

PN-1-/- muscle compared with WT muscle. RT-PCR on

muscle mRNA also evidenced increased expression of

midkine and Smad5 in this tissue (Fig. 8c), confirming the

effect of PN-1 deficiency on the expression of these genes,

independently of the tissue.

Discussion

In the murine eye, intra-retinal vessels begin to spread

outward from the optic disc towards the retinal periphery

after birth. Large vessels extend towards the retinal

periphery and capillaries infiltrate the areas between them.

Fig. 4 PN-1 expression in

mouse retina. a PN-1 expression

in retinal lysates was analysed

by immunoblotting at different

postnatal ages, and results were

quantified by densitometric

analysis. A representative blot

out of three blots performed on

three different sets of retina is

shown on the left, and on the

right; the corresponding results

(analysis of 6 retinas per age)

are expressed as the percentage

of the maximal expression,

observed at P3. X-gal staining

of whole-mount PN-1/LacZ

retina. b Whole retina.

c Magnification of the optic

nerve area of the image shown

in b. Circles represent the optic

nerve head region. No staining

was observed in retinas from

WT mice. d X-gal staining of

PN-1/LacZ retinal cross

sections. INL inner nuclear

layer, GCL ganglion cell layer,

RPE retinal pigment epithelium.

Representative images are

shown out of at least three

different animals. Scale bars

1 mm in b, 200 lm in c, 50 lm
in d
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Our results show an original phenotype that has, to our

knowledge, never been described before in gene-deficient

mice. Indeed, PN-1 deficiency appears to be associated

with hypervascularization, characterized not only by an

increased retinal capillary density in the first 7 days fol-

lowing birth, but also by an increased number of veins and

arteries that persisted in adult mice.

In addition to endothelial cells, other cells including

smooth muscle cells, pericytes, fibroblasts and glial cells

have been shown to express PN-1 [19, 23–27]. Therefore,

several retinal cell types could be a source of PN-1 in the

retina. Accordingly, we observed that PN-1 is ubiquitously

expressed in the retina in the first few days following birth.

This expression increases after birth and then decreases to

reach a low level in adults, in agreement with a potential

role in vessel development. Indeed, Dorell et al. have

shown a correlation between the expression profile of dif-

ferent retinal genes and the specific postnatal

developmental events in which they are involved [28]. The

expression profile of PN-1 that we describe is similar to the

Fig. 5 Retinal structure,

pericyte coverage and astrocyte

template are not modified by

PN-1 deficiency. a Histological

sections of historesin-embedded

eyes from adult WT and

PN-1-/- mice. GCL ganglion

cells layer, INL inner cells layer,

ONL outer cell layer. b In green,

pericyte coverage was

visualized by NG2

immunostaining of P4 retinas,

together with endothelial cells

staining by isolectin in red.

Scale bars 30 lm. c Astrocyte

distribution was visualized by

PDGFRa and GFAP

immunostaining of P4 retinas,

scale bars 50 lm. PDGFRa and

GFAP positive astrocytes were

analysed in avascular and

vascularized areas, respectively.

Representative images are

shown. Quantifications indicate

no difference in any of the

markers analysed between WT

and PN-1-/- retinas (4–6 fields

par retina from at least 3

different animals)
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profile of other genes, described by Dorell et al., having the

highest expression during retinal vascularization, such as

angiopoietin-2 and platelet-derived growth factor-receptor

(PDGFaR). The very strong PN-1 expression in the early

postnatal days of developing vasculature could thus be a

way of controlling angiogenesis and allowing for a proper

initiation of vascular development in the retina. This

expression then rapidly decreases, but would still be suf-

ficient to control angiogenesis throughout the process of

vasculature development. In adult mice, while minimal

PN-1 expression persists all over the retina, the main

expression site is in the arteries, in agreement with previ-

ous data showing the expression of PN-1 in arterial smooth

muscle cells and endothelial cells [24]. This persistent

vascular expression is assumed to have a protective effect,

according to the previous results on PN-1 functions in

blood vessels [8].

Interactions between endothelial cells, astrocytes and

neuronal cells are crucial for fine capillary network for-

mation by endothelial cells. Astrocytes have a crucial role

in guiding endothelial tip cells in the vascular branch and

in the proliferation of endothelial stalk cells behind the tip

cells [29, 30]. We thus examined astrocyte distribution and

maturation in the retina of PN-1-/- mice compared to WT

mice. We observed a similar astrocyte template and no

difference in tip cells in PN-1-/- and WT retina. There-

fore, although PN-1 was originally defined as a protein

expressed by glial cells and named the glia-derived nexin

[31], PN-1-deficient astrocytes appear to have a normal

angiogenic function in the retina. Pericytes are also

important players in vascular development. They are

known to function by stabilizing blood vessels and have

recently been shown to promote selective vessel regression

[32]. We observed a normal arteriovenous pattern with no

malformations and normal pericyte recruitment in PN-1-/-

retinas, despite the higher number of veins and arteries

compared with WT retinas. However, the increased vas-

cular density was associated with greater endothelial cell

proliferation, in agreement with our previously described

in vitro studies [5]. The absence of PN-1 thus appears to

primarily affect early processes, i.e. reorganization and

proliferation of endothelial cells rather than vessel matu-

ration or stabilization processes.

Other serpins involving or not serine protease inhibition

are known to regulate angiogenesis in the retina. The

inhibitor PAI-1 was shown to exert both pro-and anti-an-

giogenic activities via effects on extracellular matrix

proteolysis and cell adhesion [3, 33]. Interestingly, in

contrast to PN-1 deficiency, PAI-1 deficiency was associ-

ated with decreased angiogenic responses in the retina in a

model of oxygen-induced retinopathy [34]. The non-in-

hibitory serpin PEDF has also been reported to be an

important anti-angiogenic factor in the retina. PEDF defi-

ciency was associated with a significantly faster spreading

Fig. 6 PN-1 deficiency does not modify retinal tip cells, but increases

endothelial cell proliferation. a Vessels were visualized by isolectin

B4 staining of P5 WT and PN-1-/- retinas. Images of angiogenic

front and quantification of filopodia in WT and KO retinas reveal no

difference in tip cells. Representative images are shown (4 fields par

retina, C3 different animals), scale bar 30 lm. b P5 retinas were

stained with isolectin B4 (Isl, red) and an antibody against KI67

(green). Scale bar 50 lm. Representative images (4 fields per retina,

4 retinas from different animal of each genotype) and quantification

of proliferating (Ki67?) endothelial cells (Isl?) are shown
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of retinal vessels without any difference in vessel number

compared to WT mice [35]. Thus apart from their roles as

protease inhibitors, serpins are also important players in the

retinal angiogenic balance and may contribute to the reg-

ulation of angiogenesis. Although we have previously

shown that a recombinant variant of PN-1 devoid of anti-

protease activity retained its anti-angiogenic activity [5], a

contribution of PN-1 anti-protease activity in vivo cannot

be ruled out. PN-1 may regulate angiogenesis by several

mechanisms due to its interactions with many partners

involved in angiogenesis, including proteases (thrombin

and plasmin in particular) or GAGs and matrix proteins

(vitronectin). Through its anti-protease activity, PN-1

could reduce cell surface receptor shedding, cleavage of

adhesive proteins and matrix degradation by proteases. In

addition, PN-1 may modulate the interaction of cytokines

and matrix proteins with their membrane receptors, inde-

pendently of its anti-protease activity by competitive

binding.

To further understand the anti-angiogenic activity of

PN-1, VEGF levels and antibody and PCR arrays dedicated

to angiogenesis were performed, respectively, on retinal

protein and RNA lysates. The expression of VEGF was not

modified by PN-1 deficiency. Antibody array evidenced no

Fig. 7 PN-1 deficiency does

not modify VEGF level, but

increases midkine and Smad5

expression in the retina.

a VEGF was quantified by

ELISA in retinal lysates

(n = 3–5 from different

animals). b Gene expression

analysis by PCR-based micro

array and conventional RT-PCR

on retinal mRNA revealed

increased expression of midkine

and Smad 5 (n C 3

experiments). c Representative

immunoblots of P4 retinal

whole lysates with antibodies to

midkine or Smad5 (n C 3

immunoblots performed on

different sets of retina) and

densitometric analysis of the

blots, expressed as mean

intensity (midkine or Smad5/

actin ratio) relative to WT,

determined for each

immunoblot. *p\ 0.05,

**p\ 0.001, ***p\ 0.0001 vs.

WT, ns non-significant
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significant difference in the expression of any of the 53

angiogenesis-related factors analysed, between WT and

PN-1-/- retinas. However, a PCR array allowing the

analysis of genes that were not tested in the antibody array

identified significantly increased expression of two genes in

PN-1-/- retina, midkine (MK) and Smad5. MK is a hep-

arin-binding growth factor that has been shown to promote

angiogenesis both in tumours [36] and in response to

ischaemia [37]. Smad5 is a transcription factor involved in

the TGF-beta signalling pathway. Smad5-deficient

embryos have enlarged blood vessels characterized by

decreased content in vascular smooth muscle cells, massive

apoptosis of mesenchymal cells and endothelial cells that

do not display angiogenic responses in vitro [38]. Con-

versely, in PN-1-deficient mice, Smad5 overexpression

could result in the modulation of the Smad5 signalling

Fig. 8 In gastrocnemius

muscle, PN-1 deficiency is also

associated with increased

vascularization and increased

expression of midkine and

Smad5. Muscle sections were

stained with isolectin B4 (a) or
with smooth muscle alpha actin

(SMA) (b). Representative
images are shown from at least

four different animals. Vascular

coverage was quantified by

densitometric analysis of

isolectin images and arterioles

were counted manually on SMA

images. **p\ 0.01,

***p\ 0.001 vs. WT.

c Midkine and Smad5 mRNA

levels were compared in WT

and PN-1-/- tibialis muscles by

RT-PCR (n = 26)
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pathway and, together with MK-induced proangiogenic

effects, contribute to the increased vascular development

associated with PN-1 deficiency. However, overexpression

of Smad5 gene did not correlate with Smad5 protein level,

minimizing its potential role in the vascular phenotype of

PN-1-deficient mice. In contrast, overexpression of MK

was confirmed at the protein level in PN-1-deficient mice

and could thus be of importance for the PN-1 phenotype.

In support of our major finding in the retina, we obtained

similar results in another highly vascularized mouse tissue,

the hindlimb calf muscle. Indeed, we observed an increased

capillary density, together with an increased number of

arterioles, in the gastrocnemius of PN-1-/- mice, com-

pared with that of their control littermates. In addition, we

also found a higher expression level of MK and of Smad5

in PN-1-/- calf muscle than in WT muscle. PN-1 defi-

ciency thus appears to induce a general phenotype of high

vascularization, although this phenotype is not observed on

large vessels and does not induce any major defect.

In conclusion, this study demonstrates the important and

original role of PN-1 in the regulation of angiogenesis

in vivo, associated with MK and, possibly, the Smad sig-

nalling pathway. It points to the strong anti-angiogenic

potential of PN-1, and thus it would be of interest to study

its implication in pathological mechanisms associated with

angiogenesis, such as in retinal neovascular diseases.
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