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Abstract Endothelial progenitor cells (EPCs) play a criti-

cal role in the repair of damaged blood vessels and/or in the

growth of new ones in ischemic tissues. Elevated levels of

oxygen radicals, which accumulate in the ischemic tissue,

could compromise the angiogenic potential of EPCs. To

determine if oxidative stress alters the angiogenic response of

EPCs and to identify possible cellular targets that protect

EPCs from the damaging effects of oxidative stress, we have

investigated vascular development in embryonic bodies

(EBs) under hyperoxic conditions. Murine EBs at differen-

tiaton day 2 were cultured for 3 days under normoxic (21%

O2) or hyperoxic (60% O2) conditions. Hyperoxic EBs

showed a moderate reduction in Pecam-1, Vegfr-2, eNOS

and Tie2 mRNA levels compared to normoxic EBs. How-

ever, immunostaining of hyperoxic EBs with antibodies

against PECAM-1 after 1 week recovery at room air revealed

a defective vasculature completely deficient in branches,

while normoxic EBs developed a normal vascular plexus.

Oxygen-induced defective vascular development correlated

with a dramatic decrease in soluble guanylyl cyclase, phos-

phodiesterase (Pde) 4B and Pde4C mRNAs. Oxidative stress

did not affect the expression of adenylyl cyclase 6 and Pde5.

The abnormal vascular development caused by hyperoxia

was reverted by pharmacological treatments that increased

cGMP levels, such as 8-bromo-cGMP or 4-{[30,40-(methyl-

enedioxy)benzyl]amino}-6-methoxyquinazoline, a specific

inhibitor of PDE5. These results indicated that oxidative

stress inhibits vascular development from EPCs through its

effects on levels of cyclic nucleotides and suggested that

therapies that target cyclic nucleotide turnover may be useful

in protecting vascular repair under oxidative conditions.
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Introduction

A growing body of evidence suggests that endothelial

progenitor cells (EPCs) may play a pivotal role in repairing

damaged endothelium in ischemic tissue [1–5]. However,

the use of EPCs may be limited by oxidative stresses in

these tissues. Ischemic tissue is characterized by excessive

production of reactive oxygen species and accumulation of

oxidized metabolites that may compromise the angiogenic

potential of the EPCs. The effects of oxidative stress on

EPCs are controversial. While there is some evidence that

oxidants decrease the capacity of both cord and adult

peripheral blood-derived EPCs to form vessels in vitro and

in vivo, other studies have reported that circulating endo-

thelial progenitors are resistant to oxidative injury and able

to repair damaged vessels in microenvironments enriched

in oxygen radicals [6–9]. The discrepancy between these

studies is likely due to dissimilarities between the cell types

used and their stage of differentiation. Given the great

therapeutic interest in EPCs for treatment and cure of

ischemic diseases, it is important to investigate in more

detail the effects of oxidative stress on blood vessel for-

mation from these cells.
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Blood vessel formation occurs through two processes:

vasculogenesis, the differentiation of endothelial precursor

cells into mature endothelial cells (ECs) in combination

with the formation of a primordial vascular plexus, and

angiogenesis, the formation of new blood vessels by

branching and sprouting of pre-existing ones [10]. Both

vasculogenesis and angiogenesis require activation of

intracellular signaling pathways by soluble factors, as well

as specific interactions with surrounding cells and extra-

cellular matrix [10, 11]. Vascular endothelial growth fac-

tor-A (VEGF-A) is a critical regulator of both

vasculogenesis and angiogenesis [12–14]. VEGF-A-acti-

vated angiogenic signals are, at least in part, mediated by

nitric oxide (NO), a gaseous molecule that, depending on

local concentrations and microenvironment, exerts diverse

biological functions [15]. In ECs, NO is synthesized by

endothelial nitric oxide synthase (eNOS) [16] and regulates

EC growth, apoptosis, migration and angiogenesis [15, 17–

21]. Many of the biological functions of NO are mediated

through its activation of soluble guanylyl cyclase (sGC),

that results in the synthesis of cyclic guanosine 30,50-
monophosphate (cGMP) [22]. Increases in intracellular

cGMP concentrations enhance EC migration, growth and

formation of capillary-like structures in vitro and in vivo

[23, 24]. In contrast, the pathway initiated by adenylyl

cyclase (AC) leading to the production of cyclic adenosine

30,50-monophosphate (cAMP) inhibits many EC functions,

including migration and network formation [25, 26].

Intracellular levels of cGMP and cAMP are dynamically

regulated by the rate of their synthesis by cyclases and their

hydrolysis by phosphodiesterases (PDEs) [27–29]. In vas-

cular endothelium, PDE4 is the dominant cAMP-specific

hydrolyzing enzyme, while PDE5 represents the major

cGMP hydrolyzing activity [30]. Synthesis of cGMP in

vascular endothelium is mediated by sGC and AC6 is the

predominant endothelial cAMP generating enzyme [31,

32].

In this study we have investigated if hyperoxia alters the

angiogenic properties of EPCs and determined the role of

sGC in EC differentiation and formation of a primary

vascular bed under oxidative conditions. For these exper-

iments we have used murine embryonic stem cell-derived

embryonic bodies (EBs), 3-dimensional cell aggregates in

which events of early embryogenesis, such as hematopoi-

esis, neurogenesis, and cardiogenesis, take place in a

context of paracrine signals, heterotypic cell–cell interac-

tions and cell-extracellular matrix interactions [33]. Murine

EBs recapitulate both vasculogenesis and angiogenesis,

thus closely mimic the in vivo development and maturation

of blood vessels [34, 35].

Our results indicate that hyperoxia (60% O2) interferes

moderately with EC differentiation but dramatically affects

the formation of a primary vascular bed in developing EBs.

In fact, ECs that differentiated under hyperoxic conditions

failed to organize into vessel-like structures and accumu-

lated in clumps. Exposure to high oxygen dramatically

decreased the mRNA levels of the two sGC subunits (a1

and b1), Pde4B and Pde4C, but did not affect the expres-

sion levels of AC6 and Pde5. The defective vascular

development caused by oxygen exposure was reverted by

pharmacological treatments that enhanced cGMP levels,

such as soluble cGMP or inhibitors of PDE5, or decreased

cAMP. Our results demonstrate that EPCs can differentiate

and become mature ECs under hyperoxic stress but their

angiogenic potential is dramatically compromised. Our

findings suggest that sGC/cGMP signaling promotes angi-

ogenesis under oxidative conditions, independently of the

levels of VEGF-A. Moreover, our results show that func-

tional cyclases and PDEs are present at very early stages of

differentiation of EBs and that their regulated activity is

indispensable for proper vascular development under both

normoxic and hyperoxic conditions.

Methods

Cell culture

W4 mouse embryonic stem (ES) cells were obtained from

the ES facility of the NYU Langone Medical Center. ES

cells were plated onto mitomycin-treated mouse embryonic

fibroblast feeder layers, and maintained in high glucose

Dulbecco’ s Modified Eagle Medium (DMEM, GIBCO)

supplemented with penicillin–streptomycin, non essential

amino acids, sodium pyruvate, L-glutamine (all from

GIBCO), 55 lM b-mercaptoethanol (Sigma), 15% heat-

inactivated fetal bovine serum (Hyclone) and 1,000 U/ml

leukemia inhibitory factor (LIF, obtained from the ES

facility).

To form embryonic bodies (EBs), we followed the

protocol illustrated in Fig. 1 [35]. Briefly, undifferentiated

W4 cells were trypsinized (together with the feeder cells),

centrifuged and plated for 20 min in the presence of LIF to

remove the feeder cells. The supernatant was then collected

and added to new plates for additional 20 min. Cells that

did not attach (ES cells) at this step were recovered, cen-

trifuged and resuspended in medium containing 20% heat-

inactivated fetal bovine serum. Cells were counted and

30 ll drops containing 400 cells/drop were placed on the

lid of tissue culture dishes, over sterile Phosphate Buffer

Saline (PBS). The day that feeder cells and LIF were

removed and the drops were made was designated differ-

entiation day 0 (d0). After 2 days (d2), the hanging drops

were collected and the EBs were either analyzed or trans-

ferred into bacterial dishes and grown in suspension for

three additional days. At d5, EBs were either collected and
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analyzed or seeded in 24-well culture dishes and grown for

1 week as adherent colonies. Cells were fed every other

day.

Exposure of EBs to hyperoxia

At d2, EBs were collected, transferred into bacterial dishes

and cultured in suspension for 3 days. Dishes were placed

in plexiglass chambers where either normoxic (21% O2) or

hyperoxic (60% ± 5 O2) conditions were established.

Oxygen levels inside the chambers were monitored with

oxygen-specific sensors (Hudson RCI). If oxygen levels

dropped below 55%, additional gas was flushed inside the

chamber to reach the desired concentration. As the cultures

inside the chambers could not exchange CO2 with the

incubator, a hyperoxic medium was designed that main-

tained the pH of the cultures at 7.4 during the experiment.

To prepare the hyperoxic medium, high glucose DMEM

powder (GIBCO) was resuspended in 950 ml of sterile

water and supplemented with 20 ml of 1 M hepes pH 7.2

and 0.75 ml of 5 N NaOH. Final volume was brought up to

1.01 with sterile water and filtered with a 0.2 lm filter

(Nalgene). Penicillin, streptomycin, non essential amino

acids, sodium pyruvate, L-glutamine, b-mercaptoethanol

(Sigma) and 10% completed regular high glucose medium

were added before use. Heat-inactivated fetal bovine serum

was added to achieve 20% final concentration.

Treatment of EBs with VEGF-A, cGMP or inhibitors

of cyclases and PDEs

EBs were treated with or without VEGF-A (40 ng/ml,

R&D), 8-Bromo-cGMP (1 mM, Aldrich), 1H-[1,2,4]ox-

adiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 lM, Sigma),

SQ22536 (50 lM, Tocris) or 4-{[30,40-(methylenedioxy)

benzyl]amino}-6-methoxyquinazoline (MMQ, 0.6 lM,

Calbiochem). Agents were added just prior oxygen expo-

sure and maintained in the culture medium for the entire

duration of oxygen treatment. VEGF-A and soluble cGMP

were added again after 48 h of oxygen treatment and cul-

tures were reoxygenated. Cyclase and PDE inhibitors were

added only one time, at the beginning of oxygen incuba-

tion. At least two plates, containing 50 EBs each, were

used for each experimental condition. Three independent

experiments were performed for each treatment.

Immunofluorescence

For immunofluorescence analysis, W4 cells and EBs at

different differentiation days were rinsed in Ca??/Mn??

PBS (GIBCO) and fixed in 100% ethanol for 10 min at

room temperature. Fixed cultures were blocked in staining

buffer (2% goat serum [Sigma–Aldrich, St. Louis, MO] in

Ca??/Mn??PBS) for 2 h at room temperature, or over-

night at 4�C, and then incubated with rat anti mouse-PE-

CAM antibody (1:300, Pharmingen, San Diego, CA) or

rabbit polyclonal antibody against VEGFR-2 (1:200, sc-

315, Santa Cruz Biotechnology) overnight at 4�C. Cultures

were washed three times with staining buffer and incubated

with rhodamine-conjugated anti-rat secondary antibodies

(1:300, Jackson Laboratories) or DyLight-conjugated

donkey anti rabbit secondary antibodies (1:200, Jackson

ImmunoResearch Laboratories) for 1 h at room tempera-

ture. Cells were rinsed in PBS, mounted and viewed with a

Zeiss fluorescent microscope. W4 cells and EBs stained at

d2 and d5 were viewed with an EVOS fl Digital Inverted

Fluorescence Microscope (AMG).

Reverse transcription-polymerase chain reaction

Total RNA was isolated and purified from EBs at d2 and d5

with TRIzol according to the manufacturer’s directions

(Invitrogen) and treated with DNase (Ambion). Equal

amount of starting material (1 lg total RNA for each

sample) was reverse transcribed with Transcriptor (Roche)

and amplified by PCR with Taq polymerase (Roche). The

following primers were chosen with the assistance of the

computer application Primer 3 [36]: Pecam-1: 50CAC-

CTCGAAAAGCAGGTCTC30 (sense), 50TCCTGATGGG

Fig. 1 Protocol for the preparation of the EBs. ES cells were

trypsinized and resuspended in differentiation medium. Time of LIF

removal is identified as differentiation day 0 (d0). Drops of 30 ll

containing 400 cells were dispersed on the lid of a tissue culture plate

and incubated at 37�C for 2 days. During the incubation, the ES cells

aggregated and formed the EBs. At d2, EBs were collected and either

analyzed by immunofluorescence and RT–PCR, or allowed to further

grow and differentiate in suspension for 3 days at 37�C. At this point

(d5), EBs were analyzed for gene expression, or cultured as adherent

colonies on 24-well tissue culture dishes and analyzed by RT–PCR or

immunofluorescence staining at later times of differentiation
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TTCTGACTCC30 (antisense); Vegfr-2: 50GTCATGGATC

CAGATGAATTGC30 (sense), 50CGAAGTCACAGATCT

TAACCAC30 (antisense); Vegf-A: 50TGCGCTGTGCAGG

CTGCTGT30 (sense), 50TCACCGCCTCGGCTTGTCAC30

(antisense); Tie-2: 50CTCTGTGGAGTCAGCTTGCTC30

(sense), 50GAACAATCAGCCTGGTGAAGG30 (antisense);

vWF: 50ATGATGGAGAGGTTACACATC30 (sense), 50GG

CAGTTGCAGACCCTCCTTG30 (antisense); eNOS: 50GA

CCCTCACCGCTACAACAT30 (sense), 50CTGGCCTTCT

GCTCATTTTC30 (antisense); AC6: 50GCACACACTACCC

TGCTGAA30 (sense), 50CGATCATGTCTACCCCCATC30

(antisense); sGC alpha1 (a): 50GCACACACTACCCTG

CTGAA30 (sense), 50CGATCATGTCTACCCCCATC30

(antisense); SGC beta1 (b): 50TGCAGATGTTTGGGAAG

ATG30 (sense), 50GACCACTAGGTTCCGGTCAA30 (anti-

sense); Pde4A: 50TTCAAGCTGCTGCAAGAAGA30 (sense),

50ACAGTGCACCATGTTCCTGA30 (antisense); Pde4B:

50GAACAAATGGGGCCTTAACA30 (sense), 50GAGGCTC

ATGTGTTTGGACA30 (antisense); Pde4C: 50CATGCTCA

ACCGTGAGTTGT30 (sense), 50TGGAACGTCTTGAGGA

GGTC30 (antisense); Pde4D: 50AGATGAGTCGGTCTGG

CAAC30 (sense), 50TCTGCAGCATGGATGTTGTT30 (anti-

sense); Pde5A: 50CCGGTTCAATGCAGAAGTTG30 (sense),

50TTTATAGGGGTGCAAAGCAAA30 (antisense). Vegf-A

primers identify both Vegf-164 and Vegf-120 isoforms. As

the four Pde4 genes generate different splice variants that fall

into two major groups, the long and the short isoforms, the

PDE4 primers were designed to amplify both short and long

forms. PCR results for each gene were normalized to the

levels of Gapdh [50AACTTTGGCATTGTGGAAGG30

(sense), 50ACACATTGGGGGTAGGAACA30 (antisense)],

which was found to be a suitable housekeeping gene for

differentiating murine ES cells [37].

Semi-quantitative real-time PCR

Semi-quantitative real-time PCR was performed using the

iQ SYBR Green Supermix (Biorad) with the iCycler iQ

real-time PCR detection system (Biorad), with 40 cycles of

real-time data collection at 95�C for 10 s and 49�C for

30 s. Relative mRNA amounts were normalized to Gapdh

expression using the DDCt method [38].

Analysis of tube formation

Vascular density was estimated by counting the number

of branches in digital images of 5 different fields from

each of at least 12 EBs for each condition. Vessel

morphology was analyzed in the same images. The

images were acquired using a Zeiss fluorescent micro-

scope equipped with AxioCam and AxioVision imaging

system software.

Statistical analysis

The data was analyzed by Student’s t test. Results are

presented as the mean ± SD of three experiments per-

formed on independent cultures and were considered sig-

nificant when P values were \0.05.

Results

Effects of hyperoxia on endothelial cell differentiation

Vascular development in W4-derived EBs was evaluated

by RT–PCR analysis at two different times of differentia-

tion, day 2 and day 5 (Fig. 1). Two days after LIF removal

(d2), EBs from the hanging drops expressed relatively high

levels of Vegf-A and Vegf-receptor-2 (Vegfr-2) mRNA, an

early marker of vascular development [39] (Fig. 2a), while

markers distinctive of more mature ECs, such as platelet

endothelial cell adhesion molecule-1 (Pecam-1), Tie-2, von

Willebrand Factor (vWF) and endothelial nitric oxide

synthase (eNOS) were present at low levels. At d5, endo-

thelial differentiation was more pronounced as shown by

increased levels of vascular markers (Fig. 2a). Develop-

mental regulation of endothelial markers in differentiating

EBs was confirmed by real time PCR (Fig. 2b). The

kinetics of EC appearance in the developing EBs were also

monitored by immunofluorescence staining. Some undif-

ferentiated ES cells (W4), grown in the presence of LIF on

a feeder monolayer, showed VEGFR-2 immunostaining,

but no staining using antibodies against PECAM-1

(Fig. 2c). At d2, PECAM-1 staining became detectable in

areas of developing EBs that were also stained with

VEGFR-2 antibodies (Fig. 2c) and by d5 the two proteins

colocalized in larger areas of the EBs (Fig. 2c). Thus the

appearance of mature ECs in the developing EBs correlated

with the kinetics of endothelial gene expression.

These results identified the time between d2 and d5 as

the period during which major endothelial maturation

events occur in differentiating EBs. Thus, to investigate the

effects of hyperoxia on EC differentiation, we cultured EBs

under hyperoxic conditions (60% O2) from d2 to d5.

Control EBs were maintained in normoxia (21% O2) for

the entire duration of the experiment. At the end of the

exposures, the expression of vascular markers was ana-

lyzed by RT–PCR (Fig. 3a, b). Compared to normoxic

EBs, hyperoxic EBs showed a moderate, but significant,

decrease in Pecam-1, Tie-2, eNOS and vWF mRNAs, as

well as mRNAs for Vegf-A and Vegfr-2. Differentiating

ECs in hyperoxic EBs were identified by immunostaining.

PECAM-1 and VEGFR-2 were found to colocalize in hy-

peroxic EBs, thus confirming that hyperoxia does not

dramatically affect endothelial differentiation (Fig. 3c).
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Albeit the effects on vascular specification were modest,

elevated oxygen concentrations drastically inhibited the

total growth of the developing EBs (Fig. 3d).

Hyperoxia affects vascular development

We then investigated if exposure of EBs to hyperoxia

affected the organization of differentiating ECs into a

primary vascular plexus. EBs at d2 were cultured in sus-

pension for 3 days under either normoxic or hyperoxic

conditions. At the end of the treatments (d5), normoxic and

hyperoxic EBs were seeded in 24 well-dishes and allowed

to grow and further differentiate in normal air for 1 week

(Fig. 1). Cultures (d12) were then fixed and stained using

antibodies to PECAM-1. EBs exposed to normoxia

throughout the experiment displayed numerous elongated

PECAM? structures that resembled blood vessels

(Fig. 4a). These cultures also contained single mature ECs

that were not yet organized into vascular cords (Fig. 4b). In

contrast, EBs that were initially treated with hyperoxia

formed a defective vasculature, characterized by rounded

and compact PECAM? clusters, deficient in branches

(Fig. 4c, d). Only sporadic, thick and short vessels were

present in these cultures (Fig. 4e). Staining with antibodies

to ICAM-2, a marker expressed by mature ECs, showed a

similar vascular defect (online resource 1). Counting

branch points confirmed the abnormal vascular develop-

ment in the hyperoxia-treated cultures (Fig. 4g). Despite

the defective vascular organization, the expression of

vascular markers, such as Pecam-1 and eNOS, in oxygen-

exposed cultures was similar to control cultures (Fig. 4h).

Moreover, the deleterious effect of hyperoxia on vascular

development was transient, as several normal vascular

branches formed when the hyperoxic EBs were cultured in

normal air for longer time (d19) (Fig. 4i).

Exogenous VEGF-A partially rescues vascular tube

formation

We investigated if oxygen-induced downregulation of

VEGF-A was responsible for the abnormal vascular

development observed in the hyperoxic EBs. EBs that were

exposed to hyperoxia in the presence or absence of exog-

enous VEGF-A (40 ng/ml) showed similar decreased

Fig. 2 Vascular gene expression in developing EBs. Total RNA was

extracted from EB cultures at two different days of differentiation, d2

and d5. 1 lg of total RNA was reverse transcribed and amplified by

PCR using primers specific for vascular markers. mRNA levels were

normalized to the housekeeping gene Gapdh. a Levels of expression

of angiogenic markers increased with differentiation time of the EBs.

b Changes in expression were confirmed by RT-real time PCR

analysis from three independent experiments (*significant increase in

expression, P \ 0.01). c To identify ECs, EBs were stained with

VEGFR-2 and PECAM-1 antibodies at different times of

differentiation. Undifferentiated ES cells (W4), grown in the presence

of LIF and on a feeder monolayer, showed relatively small amounts of

VEGFR-2 protein, localized to specific areas of the cell, but not

PECAM-1 (arrows). At d2, PECAM-1 protein could be detected in

small areas of the developing EBs and colocalized with VEGFR-2

protein. Black arrow indicates a cell cluster expressing both markers,

while arrowheads point to areas that are only VEGFR-2 positive. At

d5, the arrow shows costaining with both antibodies covering larger

areas of the developing EBs. Scale bar: W4 and d2 = 50 lm;

d5 = 200 lm
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levels of expression of Pecam-1, and Vegfr-2 (online

resource 2). However, addition of VEGF-A during oxida-

tive insult rescued later tube formation as shown by

increased number of elongated vascular structures in EBs

that were co-treated with VEGF-A and oxygen, compared

to cultures that were treated with hyperoxia alone (Fig. 5a,

b, d). The ability of VEGF-A to rescue vascular develop-

ment from the effects of hyperoxia was only partial, as

several PECAM-1? clumps still formed in these cultures

(Fig. 5b), and the endothelial tubes appeared thin and

fragile compared to those in the control dishes (Fig. 5c).

Increased doses of VEGF-A (80 ng/ml) protected tube

formation but also stimulated the formation of abnormally

thick vascular structures (online resource 3). Moreover,

addition of VEGF-A to the cultures after oxygen exposure,

during the recovery phase in normal air, did not rescue

vascular development (Fig. 5e).

Hyperoxia alters the metabolism of cGMP and cAMP

in developing EBs

The eNOS-sGC-cGMP pathway contributes substantially

to blood vessel formation as it modulates crucial VEGF-

A-mediated angiogenic events, like EC proliferation,

migration and sprouting [15–24]. In contrast, the pathway

initiated by AC with the formation of cAMP inhibits EC

migration and network formation [25, 26]. We found that

the expression of a1 and b1 sGC subunits, as well as AC6

and Pde4B were developmentally regulated in EBs, while

expression of Pde4A, Pde4C, Pde4D and Pde5A, the major

Pde5 isoform in ECs, did not change significantly (Fig. 6a,

b). When treated with hyperoxia, EBs showed a dramatic

decrease in the expression of both sGC subunits (Fig. 7a,

b), but no change in the levels of AC6 mRNA. Moreover,

the total Pde4 expression decreased significantly, as the

expression levels of Pde4B and Pde4C, two cAMP-specific

Pde4 isoforms highly represented in the vascular system,

were reduced in the hyperoxic EBs by approximately 60

and 80%, respectively, compared to the normoxic controls

(Fig. 7b). The levels of the other two Pde4 isoforms,

Pde4A and Pde4D, as well as Pde5A, were not significantly

affected by oxidative stress (Fig. 7a, b). Interestingly, the

expression of sGC, Pde4B and Pde4C returned to normal

levels when the hyperoxic EBs were allowed to recover for

1 week in normal air (online resource 4), suggesting that

the defective vascular development observed in these cul-

tures could not be attributed to persistent lack of these

enzymes. In addition, the decreased expression of sGC in

response to hyperoxia is expected to decrease cGMP levels,

whereas the decreased expression of Pde4 is expected to

increase cAMP levels, leading to an imbalance in cGMP/

cAMP ratios.

Fig. 3 Effects of hyperoxia on early vascular differentiation. EBs at

d2 were incubated in normoxia (21% O2) or hyperoxia (60% O2) for

3 days. At the end of the incubation time, vascular development was

analyzed at mRNA and protein levels by RT–PCR and immunoflu-

orescent staining, respectively. a Oxygen exposure caused a decrease

in expression of angiogenic markers in the developing EBs.

b Changes in expression were confirmed by RT-real time PCR

analysis (*significant change, P \ 0.02). c Immunostaining with

VEGFR-2 and PECAM-1 antibodies showed the presence of maturing

ECs in hyperoxic EBs. Arrows indicate colocalization of the two

markers. d Hyperoxia inhibited the overall growth of the EBs, as

shown by phase contrast microscopy. Scale bar: panel c = 100 lm;

panel d = 200 lm
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cGMP rescues vascular development in hyperoxic EBs

If the impaired vascular development caused by oxidative

stress is caused by an imbalance between intracellular

levels of cGMP and cAMP, we hypothesized that the

defects in vascular development observed under hyperoxic

conditions would be attenuated by elevation of intracellular

levels of cGMP. A stable analog of cGMP, 8-Br-cGMP,

was added into the culture medium of the developing EBs

for the duration of the hyperoxic treatment. EBs exposed to

hyperoxia with or without 8-Br-cGMP showed similar

levels of expression of vascular markers, cyclases and

Pdes, suggesting that cGMP treatment during oxidative

stress cannot attenuate oxygen-induced downregulation of

these genes (online resource 2). However, 8-Br-cGMP

preserved the ability of ECs differentiated under hyperoxic

conditions to properly assemble and form elongated vas-

cular tubes (Fig. 8). In fact, treatment of developing EBs

with 8-Br-cGMP during oxidative stress promoted vessel

formation and significantly increased the number of bran-

ches and sprouting points once the cultures were allowed to

recover for 1 week in normal air, without additional cGMP

(Fig. 8a, b, d).

To further examine the vascular protective role of cGMP

under hyperoxic conditions, we exposed EBs at d2 to

hyperoxia for 3 days in the absence or presence of MMQ, a

potent and specific inhibitor of PDE5, the major cGMP

specific degrading enzyme. We found that addition of

MMQ did not maintain expression of EC marker mRNAs

at the normal level (online resource 2), but effectively

protected the differentiating ECs from oxygen damage, as

they were able to assemble and form elongated vascular

Fig. 4 Hyperoxia affects formation of the primary vascular plexus.

EBs were cultured under normoxic or hyperoxic conditions between

d2 and d5 and then grown for 1 week as adherent colonies in normal

air. At the end of the incubation, EBs were stained with antibodies to

PECAM-1 to identify ECs. a, b EBs that were cultured under

normoxic conditions displayed a normal vascular development with

numerous elongated structures (a) and several single ECs (b, arrows).

c–e EBs that were treated with hyperoxia during the early phase of

differentiation showed a defective vascular development character-

ized by endothelial clusters and absence of branches. f DAPI staining

of the field shown in panel (e). g The number of vascular tubes in the

two types of cultures was quantified by counting the elongated

structures in digital imges (*significant difference, P \ 0.05).

h Analysis of vascular expression by RT-real time PCR showed full

recovery of Pecam and eNOS expression after 1 week in normoxia

(black bars: normoxic EBs; gray bars: hyperoxic EBs after 1 week in

normoxia). i The vascular defect caused by oxygen exposure was

transient as EBs that were allowed to recover in normal air for

2 weeks formed branches. j DAPI staining of the field shown in panel

(i). Scale bar in panels a, c, i and j = 200 lm; scale bar in panels

b, d, e and f = 50 lm
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structures when allowed to recover in normal air (Fig. 8e).

Treatment with the PDE5 inhibitor significantly increased

capillary formation in oxygen-exposed EBs (Fig. 8d).

Addition of MMQ increased the levels of cGMP in the

vascular structures that developed from the hyperoxic EBs

(online resource 5). Interestingly, if MMQ was added to the

Fig. 5 Exogenous VEGF-A

partially preserves the vascular

phenotype in the hyperoxic EBs.

EBs were exposed to 60% O2

in the absence or presence of

40 ng/ml of VEGF-A and then

allowed to recover in normoxia

for 1 week. a EBs that were

treated with hyperoxia alone

showed abnormal vascular

development. b EBs that were

treated with VEGF-A during the

exposure to hyperoxia showed a

partial rescue of vascular

development. Arrows indicate

the persistence of endothelial

clusters in VEGF-hyperoxia-

treated EBs. c Normal vascular

development in normoxic EBs.

Treatment with VEGF during

oxidative stress did not

completely recover the

morphology of the branches to

that of cultures maintained in

normoxia for the entire duration

of the experiment (compare b to

c). d Formation of elongated

vascular structures was

quantified by counting of

branches in images from each

treatment (*significant

difference, P \ 0.05).

e Addition of VEGF-A during

recovery in normoxia did not

rescue vascular development

from the EBs that were treated

with hyperoxia in absence of

VEGF. Scale bar = 200 lm

Fig. 6 Expression of sGC, AC6

and Pdes is developmentally

regulated. a Total RNA was

extracted from EB cultures at d2

and d5 and analyzed by RT–

PCR for expression of a1 and

b1 sGC subunits, AC6, Pde4s

and Pde5A. b Changes in

expression were confirmed by

RT-real time PCR (*significant

change, P \ 0.02)
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cultures after oxygen exposure, during the recovery in

normoxia, it produced aberrant blood vessel formation,

with thick and disorganized branches (Fig. 8f).

If balanced concentrations of cGMP and cAMP are

requisite for normal vascular development, we hypothe-

sized that reduction of cAMP levels would have effects

similar to raising cGMP levels. EBs were incubated for

3 days in hyperoxia in the presence of SQ22636, a drug

that inhibits AC6 activity and thus reduces the levels of

intracellular cAMP, and then allowed to recover in nor-

moxia for 1 week without inhibitor. We found that low-

ering the intracellular levels of cAMP with SQ22636

during oxidative stress protected vascular tube formation

(Fig. 9a, b). On the other hand, treatment of normoxic EBs

between d2 and d5 with ODQ, a potent and selective

inhibitor sGC, which is expected to reduce intracellular

cGMP levels, caused the formation of an abnormal vas-

cular system that was almost completely devoid of branch

Fig. 7 Effects of hyperoxia on

the expression of sGC, AC6 and

Pdes. EBs were exposed to

normoxia or hyperoxia between

d2 and d5. At the end of the

exposure, total RNA was

extracted and analyzed by RT–

PCR (a) or RT-real time PCR

(b). Oxygen exposure

significantly inhibited the

expression of sGC subunits,

Pde4B and PdeC (*significant

change, P \ 0.02), while it did

not affect the level of expression

of AC6 and Pde4A. The

increase in Pde4D and the

decrease in Pde5A were not

significant (for Pde4D:

P = 0.075, for Pde5A:

P = 0.125) but reproducible

Fig. 8 cGMP and inhibition of PDE5 rescue vascular development in

EBs treated with hyperoxia. EBs were exposed for 3 days to

hyperoxia in the presence or absence of 8-Br-cGMP (1 mM), a

stable cell permeable analogue of cGMP, or MMQ (0.6 lM), a

specific inhibitor of PDE5, and transferred to normal air for 1 week,

without additional treatment. a PECAM-1 staining shows abnormal

vascular development in hyperoxic EBs. b EBs that were treated with

soluble cGMP during hyperoxic insult showed formation of elongated

vascular structures. c DAPI staining of the field shown in panel (b).

d Formation of vascular structures was quantified by counting

branches in different fields from each of the different culture

conditions (*significant difference, P \ 0.02). e Treatment with

MMQ during oxygen exposure also rescued vascular development in

EBs. f When the PDE5 inhibitor was added after oxygen exposure,

vascular development was still abnormal. Scale bar = 200 lm
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points and resembled the defective vasculature observed in

EBs treated with oxygen (Fig. 9d, f). Treatment with

SQ22636 or ODQ significantly altered capillary formation

compared to the untreated counterparts (Fig. 9c, f).

Discussion

To study the response of EPCs to oxidative stress, we have

employed EBs derived from pluripotent murine ES cells.

The EB system recapitulates both vasculogenesis and

angiogenesis [34, 35]. In the EB cultures, EPCs differen-

tiate into mature ECs, which assemble into tubular vessel-

like structures to form a primordial vascular plexus that

gradually increases in density by splitting and sprouting of

the formed vessels. Under our experimental conditions,

vascular specification in maturing EBs begins as early as

d2, as we were able to identify cells expressing vascular

markers at both mRNA and protein levels in d2 EBs. In

contrast, Vittet et al. [40] have reported that the expression

of Vegfr-2 is induced at d3 while Pecam-1 mRNA can be

detected at d4. This discrepancy might be due to differ-

ences in the ES cell lines or to the different culture con-

ditions used. In the EB system used in this study, we

identified the time between d2 and d5 as the period during

which major endothelial maturation events occur.

We found that the exposure of EBs to 60% O2 during the

time of endothelial commitment interferes with vascular

development. Oxidative stress caused a moderate, but

reproducible, decrease in the expression of the vascular

genes Pecam-1, vWF, eNOS, Vegfr-2 and Tie-2. Since

treatment with high oxygen markedly affected the overall

EB growth, at this point it is not possible to distinguish if

the decreased vascular gene expression is caused by an

inhibition of EC proliferation, differentiation, or both. In

addition to these early effects on endothelial precursors, we

found that exposure to high oxygen levels affected the

ability of the differentiating ECs to organize into elongated

tubes and caused formation of abnormal vascular struc-

tures, which were almost completely devoid of branch

points. These results are in agreement with previous studies

which reported reduced vessel formation by oxidant-trea-

ted cord blood derived EPCs [6, 7, 41]. Importantly, our

finding highlights the fact that the damage caused by oxi-

dative stress to the EPCs during their initial stage of dif-

ferentiation, dramatically compromised later aspects of

vascular development. On the basis of these results and

taking into account the potential use of EPCs for the

treatment of ischemic disorders, it is critical to: (1)

understand how oxidative stress affects EPC functional

capacities, (2) identify angiogenic modulators that are able

to protect the EPCs from the deleterious effects of oxygen

radicals and (3) design strategies that enhance their activity

during oxidative stress.

VEGF-A is a key modulator of vasculogenesis and

angiogenesis, promoting EC migration, proliferation and

survival in a dose dependent manner [13, 42], and is a good

candidate to promote resistance of EPCs to oxidative stress.

Hyperoxic treatment decreased the expression of VEGF-A,

suggesting a cause-effect correlation between depletion of

Fig. 9 Balanced concentrations of cGMP and cAMP are necessary

for normal vascular development. a Abnormal vascular development

in hyperoxia-treated EBs. b Co-treatment of oxygen-exposed EBs

with SQ22636, a drug that inhibits AC6 activity and thus reduces the

levels of intracellular cAMP, rescues tube formation during the

recovery in normoxia. d Normal vascular development in normoxic

EBs. e Treatment of normoxic EBs with ODQ, a specific inhibitor of

sGC, causes defective vascular formation. c, f Formation of vascular

structures was quantified by counting branches in different fields from

each of the different culture conditions (*significant difference,

P \ 0.02). Scale bar = 200 lm
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VEGF-A and abnormal vascular development of the hy-

peroxic EBs. However, administration of VEGF-A to EBs

during hyperoxic exposure only partially rescued the for-

mation of vessels in these cultures, suggesting that VEGF,

although required is not sufficient to completely confer

protection from oxygen and that additional factors along

the VEGF-A pathway or VEGF-independent angiogenic

signals are necessary to protect the angiogenic capacity of

the EPCs from oxidative insult.

Increasing evidence indicates that the sGC/cGMP

pathway mediates VEGF-NO stimulated EC proliferation,

migration and organization into newly forming vessels,

while cAMP exerts a negative effect on these properties

[17–26]. The intracellular levels of cAMP and cGMP are

regulated by the rate of their synthesis by cyclases and

degradation by PDEs [27–29]. Therefore, alterations in the

levels, or activities, of these enzymes might modify the

balance between cGMP and cAMP and consequently affect

the angiogenic properties of the ECs.

In this paper we report that hyperoxia-induced changes

in EPC angiogenic potential correlated with a dramatic

downregulation of sGC mRNA, but not AC6. Total

expression of Pde4 (the major cAMP degrading enzymes)

in the developing EBs was also affected by oxygen treat-

ment, as Pde4B and Pde4C mRNAs were significantly

decreased upon hyperoxic treatment. Although other

reports have also shown a reduction in the expression of

sGC by reactive oxygen species [43–45], the outcomes of

the regulation of the expression of cyclases and phospho-

diesterases by oxidative stress on vascular development

have not been investigated. Our results suggest that com-

bined inhibition of sGC and Pde4 expressions by hyperoxia

generates an intracellular microenvironment in which

cGMP production is reduced, while cAMP is synthesized

but not hydrolyzed at a normal rate, a setting that is not

permissive for vasculogenesis and angiogenesis. Interest-

ingly, the expression of sGC, Pde4B and Pde4C returned to

normal levels after recovery in normoxia, although these

cultures displayed an abnormally developed vasculature.

This result suggests that alterations in the levels of cGMP

and cAMP caused by oxidative stress at early time of EC

differentiation carry critical consequences for the overall

formation of the vascular system.

To understand if targeting the sGC/cGMP system could

rescue oxygen-induced endothelial precursor dysfunction,

we have evaluated the effects of exogenously applied

cGMP on ECs during differentiation under oxidative stress.

We found that cGMP, under hyperoxic conditions, func-

tioned as a powerful vascular protectant that, although

unable to maintain normal levels of endothelial differ-

entiation/proliferation, effectively rescued the ability of

newly differentiated ECs to organize into vessel-like

structures and promoted angiogenesis. Similar results were

obtained when EBs were co-treated with oxygen and

MMQ, a highly specific inhibitor of PDE5, the enzyme

responsible for cGMP degradation. This latter result is

intriguing because hyperoxia downregulates close to 80%

of sGC mRNA but it is in line with the observation that the

presence of 5–10% of normal sGC levels is sufficient to

elicit maximal vasodilation [46]. Thus, it is possible that

PDE5 inhibition by MMQ during oxygen exposure gener-

ates physiologically relevant intracellular concentrations of

cGMP, despite the low levels of sGC mRNA, and thereby

prevents hyperoxic damage of EPC functions. Unfortu-

nately, the effects of oxygen and MMQ on cGMP levels in

EBs cannot be determined directly because the intracellular

concentration of cGMP is below detectable levels in oxy-

gen–treated EBs (personal observations). Although bene-

ficial effects of sGC-cGMP signaling on developmental

angiogenesis [24, 47–49] and angiogenesis in ischemic

pathological settings [50, 51] have been described, to the

best of our knowledge this is the first direct demonstration

that cGMP, or treatments that preserve sufficient cGMP

levels, correct the vascular defect induced by oxidative

stress in EPCs.

Specific inhibitors of the cyclases or PDE4 provided

further support for the role of balanced levels of cGMP and

cAMP in vascular development. Disruption of sGC activity

with ODQ, a selective inhibitor of sGC, or treatment of

developing EBs with rolipram, a specific inhibitor of PDE4

(data not shown), completely abolished the ability of

maturing ECs to organize into a vascular plexus under

normoxic conditions. This vascular defect occurred in the

presence of normal VEGF-A levels, suggesting that cGMP

and cAMP function downstream of VEGF-A. Interestingly,

both treatments led to the formation of endothelial clumps

resembling those observed during the defective vascular

development of hyperoxic EBs. In contrast, lowering the

levels of cAMP by inhibiting AC6 activity during oxidative

stress prevented endothelial defects at later stages of vas-

cular development. These results suggested that cGMP-

and cAMP-regulating enzymes are active from the begin-

ning of endothelial differentiation and play a critical role in

vascular development. These findings are in agreement

with a previous study in which the expression of sGC in

early developing EBs was reported [52]. In addition, our

results indicated that a proper balance between cGMP and

cAMP is crucial for normal blood vessel formation under

both normoxic and hyperoxic conditions and that lowering

cGMP or increasing cAMP levels at the time of endothelial

commitment affect later phases of vascular development.

How balanced levels of cGMP and cAMP protect dif-

ferentiating ECs from oxidative stress and allow them to

form new blood vessels is not clear. Both cyclic nucleo-

tides mediate a wide range of biological effects that allow

cells to respond and adapt to different stimuli. Orchestrated
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activities of the cyclases and Pdes contribute to these

diverse physiological responses by regulating the steady-

state levels of cyclic nucleotides and their intracellular

localization [53]. Proper EC migration, a requisite for new

vessel establishment, requires correct cytoskeletal reorga-

nization [54]. It is possible that oxygen-induced unbalance

between cGMP and cAMP affects intracellular components

of the actinomyosin cytoskeleton, microtubules, or inte-

grins, resulting in impaired EC motility and assemblage

into vessels. In addition to the shift in the balance between

cGMP and cAMP in the favor of cAMP, oxidative stress

could cause a restriction of cAMP to specific subcellular

compartments and induce unwanted cAMP-mediated

responses [55]. For example hyperoxia could force accu-

mulation of high levels of cAMP at the plasma membrane

and cause cAMP-mediated stabilization of cell–cell adhe-

sions and consequently impaired EC migration and vessel

formation [56–58].

The precise mechanism underlying oxygen-induced

defect in vascular development requires further elucidation.

Regardless of the exact mechanism, our data showed high

sensitivity of EPCs to oxidative stress and identify regu-

lators of cyclases and PDEs as possible therapeutic strat-

egies to protect EPCs in pathological conditions associated

with oxidative stress, such as inflammation, diabetes and

retinopathies.
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