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Summary

Nitric oxide (NO) has been demonstrated to mediate events
during ovulation, pregnancy, blastocyst invasion and
preimplantation embryogenesis. However, less is known
about the role of NO during postimplantation development.
Therefore, in this study, we explored the effects of NO
during vascular development of the murine yolk sac, which
begins shortly after implantation. Establishment of the
vitelline circulation is crucial for normal embryonic growth
and development. Moreover, functional inactivation of the
endodermal layer of the yolk sac by environmental insults
or genetic manipulations during this period leads to
embryonic defects/lethality, as this structure is vital for
transport, metabolism and induction of vascular
development. In this study, we describe the temporally/
spatially regulated distribution of nitric oxide synthase
(NOS) isoforms during the three stages of yolk sac vascular
development (blood island formation, primary capillary
plexus formation and vessel maturation/remodeling) and
found NOS expression patterns were diametrically
opposed. To pharmacologically manipulate vascular
development, an established in vitro system of whole
murine embryo culture was employed. During blood island

formation, the endoderm produced NO and inhibition of
NO (L-NMMA) at this stage resulted in developmental
arrest at the primary plexus stage and vasculopathy.
Furthermore, administration of a NO donor did not cause
abnormal vascular development; however, exogenous NO
correlated with increased eNOS and decreased iNOS
protein levels. Additionally, a known environmental insult
(high glucose) that produces reactive oxygen species (ROS)
and induces vasculopathy also altered eNOS/INOS
distribution and induced NO production during yolk sac
vascular development. However, administration of a NO
donor rescued the high glucose induced vasculopathy,
restored the eNOS/iINOS distribution and decreased ROS
production. These data suggest that NO acts as an
endoderm-derived factor that modulates normal yolk sac
vascular development, and decreased NO bioavailability
and NO-mediated sequela may underlie high glucose
induced vasculopathy.

Key words: Nitric oxide, Vasculogenesis, Yolk sac, Hyperglycemia,
Reactive oxygen species, Mouse

Introduction

Studies with knockout mice have revealed several essential

Establishment of the extra-embryonic vascular system is vitdhelecules that participate in vertebrate vasculogenesis,
for survival, growth and homeostasis in the vertebrate embry§}cluding ephrins, TIE2, angiopoeitin  (ANG), platelet-
Vasculogenesis, the in situ development of blood vessels froffrived endothelial cell adhesion molecule (PECAM),
angioblasts, begins in the extra-embryonic yolk sac prioy@scular endothelial growth factor (VEGF) and basic
to vasculogenesis in the embryo proper (Boucher an#Problastgrowth factor (bFGF) (Gerety and Anderson, 2002;
Pedersen, 1996). Vasculogenesis occurs during cardiovascufto et al., 1995; Suri et al., 1996; Duncan et al., 1999; Gerber
organogenesis, a period when the developing embryo undergddsal., 1999; Yasuda et al., 1992). Loss of many of these
profound biochemical and metabolic changes as landmafkolecules leads to vascular dysfunction characterized by
morphologenetic movements are occurring. Development of tignlarged, hyperfused capillaries and embryonic lethality due
vitelline circulation allows the embryo to shift from reliance onto cardiovascular defects. Despite the knowledge gained from
diffusion-dependent nutrient delivery to a system of vasculaihese studies, the regulatory molecules and signaling events
conduits (Jollie, 1990). Moreover, normal development of theéinderlying vessel development and patterning remain largely
cardiovascular system is particularly important as it is the firsgnknown (Darland and D’Amore, 2001; Tallquist et al.,
functional organ/system to develop during organogenesis in tH999). One possible candidate is nitric oxide (NO), a small
vertebrate embryo; thus, heart/vascular defects will affeanultifunctional gaseous molecule that acts as a vasoactive
subsequent embryonic development. agent, signaling molecule and free radical in mammalian
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systems (Bogdan, 2001; Papapetropoulos et al.,, 1998hown that short exposure to hyperglycemia is teratogenic,
Schmidt and Walker, 1994). causing dose dependent growth retardation, neural tube lesions
NO participates in numerous biological functions that arend yolk sac failure (Cockroft and Coppola, 1977; Pinter et al.,
relevant to reproduction and embryogenesis, including genE999; Reece et al., 1996; Rashbass and Ellington, 1988; Sadler,
expression, cell growth and matrix remolding. All nucleatedl980a; Sadler, 1980b; Freinkel et al., 1986). Additionally, this
mammalian cells possess at least one of the three conservaddel system mimics the morphological and biochemical
NOS enzymes, neuronal (nNOS), endothelial (eNOS) andascular defects in the embryo and yolk sac observed in vivo
inducible (iNOS), which generate NO by the oxidation of L-(New et al., 1976; Mills et al., 1979; Sadler and Warner, 1984).
arginine. Gouge et al. have demonstrated that NO washough the underlying mechanisms are unknown, the yolk sac
produced by preimplantation murine embryos and thahas been suggested as a target of the hyperglycemic insult via
embryos (two-cell to blastocyst stage) cultured with a NOS%xcess production of reactive oxygen species (ROS), and a link
inhibitor (L-NMMA) were developmentally delayed or between yolk sac injury and multi-system embryopathy has
nonviable (Gouge et al., 1998). The authors speculated that Né@en proposed (Eriksson and Borg, 1991; Eriksson and Borg,
participates in implantation and demonstrated for the first tim&993; Hagay et al., 1995; Hunter and Sadler, 1992; Pinter et
that NO is required for early embryonic development in miceal., 1986; Reece et al., 1989; Reece et al., 1994; Wentzel and
Accordingly, eNOS knockout mice display defects in ovulationEriksson, 1998; Zusman et al., 1987).
and oocyte meiotic maturation, and produce fewer pups In this study, we determined the profile of expression/
(Jablonka-Shariff and Olson, 1998). localization of NOS isoforms and NO production during
The importance of NO as a regulator of early developmentahe well-defined stages of yolk sac vascular development.
events has been established by studies that demonstrated thdtlitionally, we used the in vitro whole conceptus culture
the oocyte and preimplantation embryo are exposed to N@ystem to describe the stage specific morphological defects
and oocyte maturation, preimplantation embryogenesis andduced by temporal disruption of NO/NOS expression and/or
implantation require NO (Biswas et al., 1998; Gagioti et al.activity induced by NO inhibitors, NO donors and
2000; Maul et al., 2003; Novaro et al., 1997; Purcell et alhyperglycemia. Furthermore, we determined the ability of a
1999; Sengoku et al., 2001; Shukovski and Tsafriri, 1995NO donor to rescue vascular defects induced by a known
Telfer et al., 1995). Moreover, in vitro and in vivo studiesenvironmental insult: hyperglycemia. In this study,
showed that administration of either NOS inhibitors or NOhyperglycemia was chosen as a pathophysiologically relevant
donors hinders development of preimplantation embryos (i.eondition, which has been extensively studied, known to
expansion to blastocyst stage), which revealed the importangeduce ROS and cause vasculopathy (Eriksson and Borg, 1991;
of maintaining appropriate levels of NO during Eriksson and Borg, 1993; Pinter et al., 1986; Wentzel and
preimplantation embryogenesis (Barroso et al., 1998; Biswdasriksson, 1998). Finally, we begin to explore the relationships
et al., 1998; Gouge et al., 1998; Sengoku et al., 2001). between the hyperglycemia insult and NO inhibition through a
The complex effects of NO are highly dependent on micropathway involving ROS.
environment, with several groups reporting diametrically
opposing effects of NO, which are probably due to differences )
in cellitissue type, local microenvironment and redox statdaterials and methods
(Dulak and Jozkowicz, 2003; Kroncke et al., 1997; Shaulpice
2002; Wink and Mitchell, 1998). The role of NO in the cp.1 mice were purchased from Charles River (Wilmington, MA)
developmental milieu of vasculogenesis in the murine yolk sagnd maintained under standard conditions. Timed-matings were
has not been studied. During murine development, botperformed and detected by the presence of a vaginal plug [designated
embryonic and extra-embryonic mesoderm is produced givinday 0.5 postconceptual (dpc)]. The Yale University Animal Care and
rise to the embryonic and extra-embryonic vasculature/Jse Committee approved all animal protocols.
respectively. At E7.5, extra-embryonic mesodermal cell |
proliferate forming angioblastic cords (Palis et al., 1995). A%onceptus culture ) o _ o
E8.0, blood islands fuse establishing the primary capillary® study vasculogenesis (E7.5-9.5 in mice) an established in vitro
network (E8.5), which is intimately associated with mural cellg'0l¢ émbryo culture was employed (Chen and Hsu, 1982; New,

. s 978; New, 1991; Sadler, 1979). Cultures were performed as
(Flamme et al., 1997; Risau and Flamme, 1995; Pinter et a reviously described (Pinter et al., 1999). Briefly, conceptuses were

1999). Subsequently, by E9.5, the capillary plexus haRarvested at 7.5 dpc from timed-pregnant mice. After complete
remodeled into a complex hierarchy of mature large and smabmoval of the trophoblast and Reicherts membrane, the
vessels, and a functional vitelline circulation is establishedevelopmental stage was determined using Downs and Davies’
(Folkman and D’Amore, 1996). morphological criteria for staging morphological landmarks of the
The yolk sac serves an essential function at the maternairimitive streak, neural plate and head fold (Downs and Davies,
fetal interface, and its capacity to tolerate environmental insults993). The conceptuses were cultured in pooled rat serum for 48 hours
is vital for the normal progression of cardiovascular ang"d examined under a dissecting microscope for structural and
embryonic organ development (Brent et al, 1071 Freeman UEECrei ot TEe Ty E0 S BRstels e SR SOt e “were
ﬁ/ll;”;lrl:ésvil, J](_)glglglge]:) 19?506\/#5;?12?“;[ aiIHSl}I?SG, d\fj\/r?r?ge"trﬁgcgroces.sed for histqlogical analysis to evalqate complexity of
’ o , . branching, organization, presence of a hierarchical network of large
developmental window lead to defects in the cardiovasculafnq small vessels, and vessel diameter.
system, which subsequently affect the development of severalthe following pharmacological reagents were used: DETA
embryonic organs. An in vitro whole embryo culture modelNONOate (half-life of NO release is 20 hours at@/pH 7.4), Ne-
permits study of this crucial developmental period and haslonomethyl-L-arginine (L-NMMA), N-Monomethyl-D-arginine
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(D-NMMA) (Calbiochem, San Diego, CA) and>Nlitro-L-arginine Morphometrics

methyl ester hydrochloride (L-NAME) (Sigma-Aldrich, St Louis, Yolk sac vessel diameters were measured using the IP Lab Spectrum
MO). For the hyperglycemic condition 20 mM D-glucose was usegyrogram. Micrographs of PECAM1-stained yolk sacs were generated
(normoglycemic serum contains 5 mM). Control cultures containegsing an Olympus IX71 inverted microscope x2@bjective) and
vehicle (PBS), D-NMMA or D-NAME. All reagents were added at saved as Photoshop 5.0 TIFF files. These files were opened using IP
the beginning of culture. Lab Spectrum and the vessel diameters of several randomly selected

. . . fields measured.
Immunohistochemistry and immunofluorescence

microscopy Statistics

Conceptuses were harvested from timed-pregnant mice or cultuighe data were analyzed Ibyest using StatView (SAS Institute.

conditions at the indicated time points. The yolk sacs were separatggues less than or equal to 0.05 were considered significant.
from the embryos and fixed in 4% PFA. Polyclonal anti-murine

PECAM-1 (Pinter et al., 1999) was used and detected with biotin-

conjugated secondary antibody and the ABC kit (Vector, BurlingameResults

CA). The reaction was visualized with diaminobenzidine. For. o . .

immunofluorescence, after fixation, the samples were flash frozen i'ﬁemporal distribution of NOS protein during

2-methylbutane cooled in liquid nitrogen. Frozen sections qirt0  vascular development

were prepared. Immunodetection was performed using Alexa Fludn CD-1 mice, vasculogenesis occurs in three defined stages:

594 (Molecular Probes, Eugene, OR). blood island formation stage (E7.0-8.0), primary capillary

plexus stage (E8-8.5), and vessel maturation/remodeling stage

E8.5-9.5). To investigate the distribution of NOS enzymes
ring vascular development, yolk sac protein extracts were

Western blotting

Conceptuses were harvested from timed-pregnant mice or cultu

conditions at the indicated time points. Samples of 10-20 were pool
and lysed RIPA Buffer (Upstate, Waltham, MA) supplemented wit nerated from conceptuses harvested at each developmental

Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN) ant@d€ (7-5, 8.5 and 9.5 dpc). Protein levels were determined by
Phosphatase Inhibitor Cocktails (Calbiochem, San Diego, CA). Th¥/€stern blotting. , _ .

samples were homogenized and soluble extracts obtained byAn inverse relationship between eNOS and iNOS isoforms
centrifugation. Protein concentrations were determined by BC/Xists during vascular development in the yolk sac (Fig. 1).
Assay (Bio-Rad, Hercules, CA). For western blottingig®f protein ~ During the blood island formation stage, iINOS protein level is
was loaded onto SDS-PAGE gels under reducing conditions. Fdrigh, while eNOS protein level is barely expressed. However,
immunoprecipitation, 40Qug of lysate was precleared with normal 3 switch in expression levels of iINOS and eNOS isoforms
rabbit serum and precipitated with protein A/G Sepharose. Thgegan just prior to the primary capillary plexus stage (~8.0 dpc)
supernatant was incubated with the primary antibody, washed witg, persisted during the primary plexus stage. At the vessel

decreased salt conditions and electroblotted. Primary antibodies us . : : : .
included eNOS, iNOS, Akt and phospho-Akt from Santa Cruz (Santa turation stage, iINOS protein was absent while eNOS protein

Cruz, CA), phospho-eNOS (Ser-1177) (Cell Signaling TechnologySXPression continued. nNOS was not detected in the yolk sac
Beverly, MA) and phospho-eNOS (Ser-1177) (Zymed, San Franciscét any of the three developmental stages examined (data not
CA). Luminescence was preformed using the Western Lightenin§hown).

Chemiluminescence Reagent (PerkinElmer, Boston, MA). Blots were )

stripped and reprobed with ERK2 (Santa Cruz, Santa Cruz, CA) aswPatial expression pattern of NOS enzymes and NO

loading control. during vascular development

NO detecti The cellular expression patterns of eNOS and iNOS in the yolk
etection sac was established for each stage of vascular development by

NO localization was performed using 4-amino-5-methylaming-2 harvestin ;

; ; : g conceptuses at 8.0, 8.5 and 9.5 dpc and performing
difluorofluorescein (DAF-FM) diacetate (Molecular Probes, Eugene, : :
OR), which is the most sensitive reagent currently available for thgnmunofluorescence microscopy. In blood islands, eNOS was
detection of low concentrations of NO (detection limit is ~3 nM of

NO) (Kojima et al., 1998a; Kojima et al., 1998b; Kojima et al., 1999).

DAF-FM is cell permeable and nonfluorescent until it combines witr _ ' I s
NO to form a fluorescent benzotriazole. 2 1001 Ao

Conceptuses were harvested at 7.5 dpc and incubated witl 10~ ] iy e—
DAF-FM for 60 minutes at 3T. Subsequently, the conceptuses were z z 075 5 —

. . . ! Elllad & T e S—

washed in PBS and incubated for 20 minutes to allow complete di§% . i 5*
esterification of intracellular diacetates. After whole mounting the % 2 & wos (D
conceptuses, images were immediately captured using an Olymp £ o2s A i —
inverted microscope. 3 i ! § ERK St S sl
ROS detection B

ROS localization was performed using dihydroethidium (DHE),

which reacts principally with superoxide anion. DHE enters theFig. 1. Temporal distribution of endogenous NOS isoforms during
cytoplasm and becomes oxidized to ethidium, which intercalategascular development. (A) ERK2 normalized data for NOS protein
into the DNA and produces red fluorescence. Conceptuses weegpression in pooled in vivo grown E7.5, E8.5 and E9.5 yolk sacs.
incubated in the indicated conditions for 24 hours. DHE (i) The broken line represents eNOS, whereas the unbroken black line
was added to the culture media for 30 minutes atC37 represents iINOS§4, *P<0.05, **P<0.01). The quantified signals
Subsequently, the samples were washed and flash frozen in @present means.e.m. The relative expression levels were compared
methylbutane cooled with liquid nitrogen. Slides were immediatelywith 7.5 dpc levels. (B) Representative western blot of the graphed
prepared and imaged. data.
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Fig. 2. Expression pattern of NOS
isoforms during three stages of vascula
development. Conceptuses were excise
from timed pregnant matings at 8.0 dpc
(A,D), 8.5 dpc (B,E) and 9.5 dpc (C,F),
which correspond with the blood island
formation, primary capillary plexus and f\
vessel maturation stages, respectively.
Immunofluorescence for eNOS (A-C)
and iNOS (D-F) was performed (red,
NOS; blue, DAPI). Images of single
blood islands or vessels stained with
NOS were captured at 40
magnification and merged with DAPI
images. En, endoderm; Me,
mesoderm/endotheliunn%4).

weakly detected in the mesoderm (Fig. 2A), while iINOS was
strongly present in the endoderm (Fig. 2D). At the primary
capillary plexus stage, the yolk sac consists of the oute
endodermal, inner endothelial and innermost mesotheli
layers. At this stage, eNOS primarily localized to the
endothelium, with faint staining present in some endoderms
cells (Fig. 2B), while INOS was modestly present in occasione
endodermal cells (Fig. 2E). By the vessel maturation stag
eNOS expression increased in both layers with highes
immunoreactivity in the vasculature, including the large
vessels, and modest immunoreactivity in the endoderm (Fi
2C). iINOS was not detected at this stage (Fig. 2F).

Next, the production of NO in 7.5 dpc conceptuses wa
evaluated using DAF-FM. During normal development, NO is

produced by trophoblast giant cells, the ectoplacental cone a E 1p: eNos
endoderm. By carefully removing the endoderm from the _ Blot:
conceptus, NO localization was observed in the endoderm b :l"‘;:f § peNOS
not the underlying mesoderm (Fig. 3A-D). Owing to the short 172> g eNOS

lived nature of the DAF-FM reagent, NO staining is only 10—
suitable for whole-mount imaging of thin specimens.
Therefore, this method could not be used to evaluate NO in tt
endothelium when the eNOS isoform is present. To evaluai
the activity of eNOS, a mixture of phosphoserine-specific
eNOS antibodies was employed. Using a large pool ¢ . RN _ _
conceptuses, we immunoprecipitated eNOS and demonstrat B — ol Ak
that a fraction of eNOS was phosphorylated and presumab ———

aCtlvate(_j at this developmental Stage (Fig. 3E). As a pOSS'b#?g. 3.Production of NO in 7.5 dpc conceptuses. NO production and
mechanism for eNOS phosphorylation, Akt and phospho-Akjscajization were preformed using DAF-FM. (A) Phase-contrast
levels were determined by western blot in E8.5 conceptusegage of a 7.5 dpc conceptus showing the intact mesoderm (outlined
Akt phosphorylation was demonstrated (Fig. 3F) consisterly the broken red line) and the removed endoderm. (B) DAF-FM
with previous reports in the murine yolk sac (Adini et al.,fluorescence (green) of the corresponding area. (C) Phase-contrast

F Blot:
60— NN pAkt

2003). image of an enlargement of the boxed area in A containing the
endodermal layer. (D) DAF-FM fluorescence of the corresponding
NOS inhibition arrests vascular development at the area. (E) Representative western blots of eNOS and p-eNOS from
primary plexus stage eNOS immunop_recipitates of 8.5 dpc yolk sac lysates.
Conceptuses were harvested at 7.5 dpc and cultured With(F Representative western blots of Akt and p-Akt from 8.5 dpc yolk

broad-spectrum NOS inhibitor, L-NMMA, in order to assess >

the effects of NO depletion on vascular development in the

yolk sac. Whole-mount immunohistochemistry was performect 250uM and higher. Doses of 50M and less caused no
with PECAM1 to enable histological analysis of vasculardefects (data no shown), and doses of 1-5 mM caused severe
morphology at 9.5 dpc. A dose-response curve was performelgfects. Treatment with 2 mM L-NMMA resulted in complete

(5 uM, 50 uM, 250 uM, 500uM, 1 mM, 2 mM and 5 mM) to  arrest of vascular development at the primary capillary plexus
determine the effective dose range of L-NMMA. Dose-stage, reminiscent of the vasculopathy phenotype of several
dependent impairment of vascular development was observelfferent growth factor null murine strains (Fig. 4B,E).
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o B G C : Fig. 4.L-NMMA inhibits yolk sac vascularization. The vascular

B 5 ' : ' morphology of L-NMMA-treated conceptuses was evaluated by

A PECAM1 staining at 9.5 dpc: (A) D-NMMA, (B) L-NMMA and

- ‘ (C) L-NMMA plus L-arginine. Hematoxylin and Eosin stained
; - o ¥ images of yolk sacs treated with D-NMMA (D) and L-NMMA
i g : ' (E). (F) Morphometric analysis of images from PECAM1-stained
yolk sacs showing vessel diameter distribution. Experiments were
repeated at least five times.

& : ¥ . B 100 wm
D F 30 - Median:  EX0geNous NO treatment results in normal
" il vorwii’  $53pm vascular development
- —o— LNMMA 276um  Previous studies have shown that high concentrations of NO
8 i —0— 85dpe 30.6um donor (0.1 and 1 mM DETA/NO) in vivo impaired embryo
2 development while lower concentrations (1 anquiiA) did
§ 15 not cause developmental abnormalities (Barroso et al.,
< 1998; Sengoku et al., 2001). Therefore, we supplemented
g 10 low doses of a slow, steady release NO donor (NOC-18) to
§ the culture media and assessed the tolerance of the yolk sac
& to exogenous NO (2(M) during vasculogenesis. Whole-
1 mount immunohistochemistry was performed for PECAM

at 9.5 dpc to assess vascular morphology. Exogenous NO
treatment resulted in the formation of a normal hierarchy
, , of large and small vessels (Fig. 5A,B) and a functional
veuscl dbipeter:(alcrons) circulation. The size distribution of vessels in the NOC-18
versus control conditions produced overlapping histograms
(Fig. 5C). Thus, a dose of 2M NOC-18 is not toxic to
the vasculature and does not cause vascular dysfunction.
The nonspecific and toxic effects of the pharmacological Additionally, the ability of exogenous NO to regulate the
agent used in this study were assessed using followingxpression of NOS isoforms was evaluated by western blot.
controls: (1) D-NMMA (a stereoisomer of L-NMMA) and (2) Conceptuses were cultured with |20l NOC-18 and harvested
L-NMMA (competitive inhibitor) plus excess L-arginine (5 at 8.5 dpc, when the switch in NOS isoforms occurs.
mM), a substrate of NO synthesis. As shown in Fig. 4A,C, botEkxogenous NO treatment correlated with increased baseline
controls developed normal vasculature, ruling out theexpression of eNOS and decreased baseline expression of
possibility of toxic effects and nonspecific drug interactions ofNOS normally observed at 8.5 dpc (Fig. 5D).
L-NMMA with other molecules. ) o
In L-NMMA-treated conceptuses the hierarchy of vesseldlyperglycemia alters the developmental distribution
was lost and capillaries were enlarged while normal vascul&f NOS protein and increases NO production
development occurred in the presence of D-NMMA and L-To evaluate the effect of a known environmental insult on NOS
NMMA + L-Arginine (Fig. 4A-C). Histograms of the size protein distribution in the developing yolk sac, 20 mM glucose
distribution of vessels in the control versus L-NMMA was added to the culture media. Hyperglycemia was chosen as
conditions revealed a peak shift from 104 to 20-25um,  a pathophysiologically relevant condition in order to study
respectively. The fraction of vessels in the 25-30 to 5pf80 a insult-mediated induction of vasculopathy. In addition,
categories rose from <5% to 5-14% in control versus Lhyperglycemia has been demonstrated to arrest vascular
NMMA conditions, respectively (Fig. 4F). The median vesseldevelopment at the primary capillary plexus stage, resulting in
diameter in L-NMMA treated conceptuses harvested at 9.5 dp@sculopathy that is similar to the L-NMMA phenotype (Fig
was 27.6 um compared with 30.6um in control E8.5 6A, Fig. 4B) (Pinter et al., 1999). Histograms of the size
conceptuses (capillary plexus stage), confirming arrest at thistribution of vessels in the hyperglycemic condition revealed
stage. Additionally, a functional circulation was not presenti peak of 25-3um, compared with 10-1fm in the control
and the vessels contained fewer blood cells. (Fig. 6C). The fraction of vessels in the 35-40 to 55460
In order to determine the developmental window ofcategories rose from <5% to 5-12% in control versus
susceptibility to L-NMMA, streak, neural plate and headfoldhyperglycemic conditions, respectively.
stage conceptuses were separately treated. L-NMMA induced In addition to the morphological defects, the endogenous
stage-specific defects in streak and neural plate conceptusesgpression pattern of NOS isoforms was dramatically altered
while headfold stage conceptuses were resistant to the insuly the hyperglycemic insult (Fig. 6D,E). The inverse
Primitive streak conceptuses displayed the most vulnerabilitgxpression pattern of iINOS and eNOS was lost because of
to the insult (i.e. complete arrest at the capillary plexus stage]NOS upregulation and inappropriate maintenance. Though the
therefore this stage was used for subsequent studies. Areasegpression pattern of eNOS throughout the developmental
normal vasculature, enlarged vessels and areas devoid sihges remained unchanged, its levels were decreased
vasculature (endothelial clusters present) were all observed dompared with controls at all time points. Thus the
neural plate stage conceptuses (data not shown). eNOS/INOS isoform switch that occurs prior the primary

o= — =,

P2 on o on oo

over 60)




2490 Development 131 (10) Research article

!lﬁ 2y ' B restore normal large vessel morphology and branching
Vot , ; ‘ morphogenesis. Additionally, vessels were not dilated or
3 enlarged. The size distribution of vessels in the NOC-18
2 _ : : supplemented hyperglycemic condition resulted in a near
overlapping histogram with the control (Fig. 6C). Furthermore
the fraction of vessels in the 35-40 to 55460 categories
decreased from 5-12% to <7% in the hyperglycemic versus
hyperglycemic plus NOC-18 conditions, respectively.

- " The ability of exogenous NO to restore normal NOS isoform
A 100 distribution during the hyperglycemic insult was evaluated at
e e pu 8.5 dpc, when the NOS isoform switch normally occurs.

Supplementation of NOC-18 to the hyperglycemic media

C 9 restored eNOS levels and downregulated iNOS (Fig. 6l).
. 2 NO depletion increases ROS production: a common
g - Median: pathway in vasculopathy
< === Coptol  133pm Studies using low doses of NO donors demonstrated that NO
g |5 —O— NODonor 14.8 im directly acts as an antioxidant (Chang et al., 1996; Joshi et al.,
% 1999; Kim et al., 1995; Wink et al., 1993). Therefore, we
g 10 hypothesized that the vasculopathy induced by L-NMMA may
kS be due to increased ROS, suggesting a common pathway with
E 54 hyperglycemia. In order to evaluate the potential role of ROS
in L-NMMA induced vasculopathy in the yolk sac, ROS
04—y ——LF 7 production was evaluated by DHE at 8.0 dpc. This time point,
TEC2838338%92388 just prior to the primary plexus stage, was chosen because it
cB8222822282382RG¢5g represents the point at which the NOS isoforms switch in
T SEREEY Y IR Y distribution (Fig. 1). Furthermore, NO inhibition seems to
Vessel size (microns) cause a defect in primary plexus formation and arrest at this
D Cont NO Donor §ubsequ§nt stage (8.5 Qpc). L-NMMA indu_ced a dramatic
increase in ROS production (Fig. 7B). A gradient of ROS was
eNOS * : present from the endoderm to the mesodermal/endothelial
layer, with the highest ROS levels present in the endoderm.
INOS  j— Additionally, cells within the blood islands and endothelial
cells within the vessels expressed ROS. To determine if
Fig. 5.NO Donor effects on vascular morphology and NOS uncoupling NOSs contributes to superoxide anion (SO)
distribution. The vascular morphology of NOC18-treated generation, L-NAME was used. L-NAME, unlike L-NMMA,
conceptuses was evaluated by PECAMLI staining at 9.5 dpc: inhibits SO production by NOSs. L-NAME treatment induced

(A) control and (B) NOC18. Morphometric analysis of images from sjmjlar ROS formation as L-NMMA treatment, suggesting that

PECAMl-sta_uned yolk sacs showing vessel diameter distribution (Chncoupling of NOSs does not significantly contribute to ROS

Reprt_asentat_lve western blot of the effect_ of a NO donor on NOS production (Fig. 7C).

fgg;f'f?vg'zﬂgg“on at8.5 dpc (D). Experiments were repeated at The pattern of ROS expression in L-NMMA and L-NAME

' treated conceptuses mirrored that of hyperglycemic treated

conceptuses (Fig. 7B-D). To investigate the hypothesis that NO
may have antioxidant properties in our system, the ability of

plexus stage (~8.0 dpc) was no longer present. The activity &fOC-18 to restore normal ROS levels was evaluated in

iINOS during the hyperglycemic insult was determined in 7.5yperglycemia exposed conceptuses. Addition qfINOC-

dpc conceptuses by evaluating the production of NO using8 to the hyperglycemic media resulted in decreased

DAF-FM. Hyperglycemic treatment for 3 hours inducedhyperglycemia-induced ROS (Fig. 7E).

increased NO production from the ectoplacental cone and

endoderm (Fig. 6F-H).

Discussion
NO donor rescues the vasculopathy induced by We have established that there is an inverse relationship
hyperglycemia between eNOS and iNOS during yolk sac vasculogenesis. At

To investigate the possibility that NO bioavailability is athe beginning of vasculogenesis when blood islands are
mediator of hyperglycemia-induced vasculopathy, conceptusésrming, the endoderm strongly expresses iNOS and produces
were cultured in hyperglycemic media supplemented with &§O. Around 8.0 dpc, when blood islands are fusing into the
NO donor (NOC-18). The addition of exogenous NO resultegirimary plexus, eNOS localized to the mesoderm. eNOS
in rescue of the vasculopathy induced by hyperglycemia (Figxpression increased in the endothelium and begun in the
6B). Morphologically, normal primary plexus and large vesselgndoderm during the primary capillary plexus stage, while
formed, establishing a functional circulation and allowingendodermal iINOS expression diminished. The eNOS
embryo development to progress. NOC-18 appeared texpression pattern increased during maturation of the
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Fig. 6. Effects of hyperglycemia on
iINOS/eNOS distribution and NO
production, and rescue by NO donor.
The ability of NOC18 to restore normal
vascular morphology of hyperglycemic
treated conceptuses was evaluated by

PECAM1 staining at 9.5 dpc:
., (A) hyperglycemia and (B)
U hyperglycemia plus NOC18.
{ Morphometric analysis of images from
PECAM1-stained yolk sacs showing
vessel diameter distribution (C). Graphs
of ERK2 normalized data for iINOS (D)
and eNOS (E) protein expression in
pooled 7.5, 8.5 and 9.5 dpc
conceptuses. The broken lines represent
the hyperglycemic condition, whereas
the unbroken black lines represent the
control (=4, *P<0.05, **P<0.01). The
eNOS s data (meanzs.e.m.) is relative to the
control 7.5 dpc levels. Above each
ERK. Fe—— graph is a representative western blot of
8.0 iNOS and eNOS at 8.5 dpc. (F) Phase-
eNOS contrast image of the endoderm of a 7.5
dpc conceptus showing the intact
endodermal surface. (G) DAF-FM
fluorescence of the corresponding area
4.0 of a conceptus cultured in
¥ i normoglycemic conditions. (H) DAF-
‘l’ FM fluorescence of a similar area of a
conceptus cultured in hyperglycemic
conditions. (I) Representative western
blot of the effect of a NO donor on
NOS protein distribution of glucose
treated conceptuses at 8.5 dpc and
graph of ERK2 normalized averaged
data for eNOS and iNOS protein
expression (white columns represent
eNOS and black columns represent
INOS; averages of two experiments).
Nml, normoglycemic; HG,
hyperglycaemic; HG + NOD,
hyperglycemic + NOC-18.
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as L-NMMA was added at the
primitive streak stage, a time when
mesodermal invagination occurs
and mesodermal cell migration is
still occurring, these events may
be affected by NO depletion/
bioavailability. The subsequent
angioblastic cords were capable of
forming a polygonal pattern of
capillaries, but the capillaries
were enlarged, typical of the
vasculature, while iINOS was absent. This distinct pattern ofasculopathy induced in several diverse knockout mice (Gerety
NOSs may represent a developmental stage-specific need #ond Anderson, 2002; Sato et al., 1995; Suri et al., 1996). These
appropriate NO production/bioavailability. defects have been associated with hyperfusion of blood islands,
We next demonstrated that NO depletion arrested vasculahich suggests a role for NO in proper blood island formation.
development at the primary plexus stage and induceld could also be argued that L-NMMA treatment results in an
vasculopathy. The presence of blood islands suggests thatmature or arrested vascular network, suggesting a defect in
endothelial specification, which begins during gastrulatiorvascular remodeling processes and a possible role for NO in
(E6.0), and egress of mesodermal cells had occurred. Howeveessel size determination and vascular organization. In this

=
n
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affecting endothelial cell differentiation (Miura and Wilt,
1969; Bielinska et al., 1996). Furthermore, endoderm-derived
inductive signals were determined to direct endothelial
differentiation during a specific developmental period:
gastrulation (Belaoussoff et al., 1998). Molecules such as
winged-helix genes, Indian hedgehog and VEGFA have been
discovered as endoderm-derived factors that act locally on the
mesoderm and are required for yolk sac vasculogenesis
(Farrington et al., 1997; Dyer et al., 2001; Damert et al., 2002).
Given the effects of NO depletion during late gastrulation/early
organogenesis on vascular formation, we speculate that INOS
derived NO is one of the endoderm-derived molecules that acts
as a paracrine regulator of endothelium development via direct
or indirect effects (NO-mediated production of essential
factors).

To evaluate the effect of excess NO on vascular
development, we applied a low dose of NO donor to the culture
media and found that NOC18 did not cause vascular defects.
Furthermore, NOC18 treatment correlated with increased
eNOS and decreased iINOS during primary capillary plexus
formation. At this time we can not confirm that the induction
of eNOS is a direct or indirect effect of NO. Potentially,
feedback loops exist in which NO regulates endodermal growth
factors that subsequently affect NOS expression. For example,
NO is known to induce VEGF, which has been demonstrated
to increase eNOS (Cha et al.,, 2001; Dulak and Jozkowicz,
2003). Alternatively, the conceptus may be capable of NO
sensing and modulation of NOS isoforms by yet unidentified
- mechanismes, in order to maintain the appropriate concentration
50 um of NO during organogenesis. This switch between NOS
isoforms just prior to the primary plexus stage seems to
Fig. 7.Induction of ROS: a common pathway in vasculopathy. ROS €Present an important event in the progression of normal
production and localization in the yolk sac was evaluated by DHE Vvascular development. Its significance is further demonstrated
(red) in 8.0 dpc conceptuses treated with D-NMMA (A), L-NMMA by the hyperglycemic experiments.

(B), L-NAME (C), glucose (D) and glucose plus NOC-18 (E). Hyperglycemia resulted in the persistence of the INOS
Images were captured av2Magnification and merged with DAPI isoform and depression of the eNOS isoform. Potentially, in
images (=4). order for normal primary plexus formation to occur, NO-

dependent signaling mechanisms are required in the

endothelium. Therefore, the switch from endodermal NO
case, it is unclear whether the defect is secondary to a defgrpbduction to endothelial NO production and autocrine NO-
in blood island malformation or NO-mediated vascular pruningnediated events must occur. We speculate that the abrupt
and smooth muscle investment events. decline in INOS represents a phase of normal development

Stage-specific defects were associated with L-NMMA, withwhen a sustained increase in NO production via iNOS may
primitive streak and neural plate conceptuses showinglter further vascularization.
susceptibility to L-NMMA, while head-fold stage conceptuses Though hyperglycemia increased endodermal NO
did not. The stage specific defects induced by NO depletioproduction at 7.5 dpc, we observed that NO donor treatment
underscores the influence of the tissue micro-environment agescued the hyperglycemia-induced vasculopathy and restored
NO-mediated actions during vascular development. Thestie eNOS/INOS distribution. This seemingly conflicting result
differences in susceptibility may be the result of developmentahay be explained by decreased bioavailability of NO leading
stage specific sensitivity to environmental conditions (Barrosto a requirement for additional NO. Excessive NO produced
et al., 1998; Sengoku et al., 2001). The observed sensitivity bfy the high NO output NOS isoform, iNOS, is upregulated in
primitive streak conceptuses to changes in NO concentratiorascular diseases and known to cause cytotoxicity and vascular
is currently unexplained; we speculate that differentiation andysfunction (Hibbs et al., 1989; Moncada et al., 1991; Zhang
migratory events that occur in the splanchnic mesoderrat al., 2003). However, despite increased production of NO in
specifically at this stage may be affected, while in late headascular diseases, there is impaired vasodilation, suggesting
fold stage embryos these events have been completed. decreased NO bioavailability (Minor et al., 1990).

During this stage, blood island formation occurs and iNOS It has been demonstrated that glucose scavenges NO in a
localized to the visceral endoderm, the major secretory layetose-dependent manner by the formation of a glucose-NO
that sends inductive signals to the mesoderm (Antin et aladduct, providing evidence for a direct action of glucose on
1994; Jollie, 1990; Wilt, 1965). The endoderm has beeMO bioavailability (Brodsky et al., 2001). Additionally,
demonstrated to be required for normal blood island formatioryperglycemia increases the production of ROS, of which SO
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Fig. 8. Working model of the role of NO and the teratogenic compounds high glucose and L-NMMA during the development of the yolk sac
vasculature in the murine conceptus. During normal development, stage-specific production of NO by endodermal iNOS eligts autoc
responses in endodermal cells, downregulating ROS production and paracrine responses in endothelial cells, and upre§uteqingssioD.
These autocrine and paracrine actions of NO ultimately facilitate vascular differentiation and development. In the hyperghdigon,
endodermal iINOS expression is maintained and the resultant increased NO generated participates with SO to generate $ilmeslsed RO
which, in turn, affect the numerous soluble factors required for mesodermal differentiation and migration. In the predéhtd/f L
developmental stage-specific INOS production of endodermal NO is abrogated, resulting in the blunting of NO autocrineiradigasdicyg,
which, in turn, affects the myriad of soluble factors required for mesodermal differentiation and migration. In the pressizdaior,
glucose-inhibited yolk sac vascularization proceeds. The exogenous NO re-establishes the normal timing of the switch @:N@Silknd
reconstitutes the NO-driven endodermal and mesodermal signaling pathways, facilitating normal vascular differentiatido@nédrdeve

is known to combine with NO and deplete it from the systemphysiological conditions (Malinski et al., 1993a; Malinski et
thus inhibiting NO mediated intracellular signaling andal., 1993b). Furthermore, only 5 nM of NO is needed to induce
downstream cellular responses (Migge et al., 1991; Urbich etlaxation of vessels and is the minimum concentration to
al., 2002; Zhang et al., 2001). The reaction between SO ardtivate guanylate cyclase. Thus, low concentrations of NO are
NO is rapid, occurring at a rate of 8I0° M-1s1 a near sufficient for NO-mediated actions in physiological conditions
diffusion-limited rate (Huie and Padmajas, 1993). This reactioand, potentially, developmental states. We demonstrated that,
occurs about six times faster than the dismutase of SO lnder normal conditions, a small fraction of eNOS was
superoxide dismutase (SOD), thus NO is an efficient scavengphosphorylated; thus, we speculate that eNOS produces a low
of SO (Koppenol, 1998). By increasing the concentration ofNO] which is required for optimal vascular development. The
NO, once saturation of SO has occurred, the excess N€urvival factor, Akt, is known to activate eNOS (Fulton et al.,
is available to act in the endoderm. Furthermore, NO i4999; Michell et al., 1999). Furthermore, Akt plays a role in
membrane permeable, unlike SO, and capable of diffusing ovendothelial cell survival as blood vessels assemble during
100 pum in a few seconds at 3Z (Meulemans, 1994; Wise vascular development through a mechanism involving RhoB
and Houghton, 1969; Malinski et al., 1993a; Malinski et al.(Adini et al., 2003). As phospho-Akt was detected in E8.5 yolk
1993b). NO has been demonstrated to diffuse through tissusacs, this pathway may serve as a mechanism to activate eNOS
without consumption, establishing its role as an intracellulaand also promote endothelial cell survival.
messenger (Lancaster, 1994; Wood and Garthwaite, 1994).The protective effect of upregulation of the low NO
Therefore, it is possible for NO released by the donor to diffuseutput NOS isoform, eNOS, by the NO donor during the
through the single layer of endodermal cells and reach theyperglycemic insult is supported by several studies in eNOS
mesoderm, where SO concentrations are lower. knockout mice, which revealed that this isoform serves
The diffusion capabilities of the NO donor and its ability cardioprotective and vasoprotective functions (Connelly et al.,
to restore the normal eNOS/INOS distribution in the2003; Gewaltig and Kojda, 2002; Jablonka-Shariff and Olson,
hyperglycemic condition may provide the required locall998). These functions include modulation of vasoactivity
concentrations of NO for vascular development to progresand blood pressure, and inhibition of platelet aggregation,
normally. As eNOS produces a lower concentration of NQeukocyte adhesion and smooth muscle cell proliferation
than does the iINOS isoform, we expect the physiologicalLimbourg et al., 2002; Jugdutt, 2002; Papapetropoulos et al.,
concentration of NO during normal development in thel999). Additionally, several studies have demonstrated that NO
endothelium to be low. In other tissues, such as the cerebruacts as an antioxidant (Chang et al., 1996; Hermann et
the concentration of NO was measured at 10 nM duringl., 1997; Joshi et al., 1999; Kim et al., 1995; Paxinou et al.,
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2001; Wink et al., 1993). Accordingly, we showed thatUSPHS grant R37-HL28373 to J.A.M. and a Yale Diabetes Endocrine

NO supplementation to hyperglycemic media reduce®esearch Center grant NIH 5P30-DK45735 to J.A.M. and E.P.

hyperglycemia-induced ROS. Furthermore, we demonstrated

that L-NMMA treatment induced ROS in the endoderm an

mesoderm/endothelium. These results suggest that endogendt@ferences

NO has antioxidant functions during blood island formation. Adini, I., Rabinovitz, I., Sun, J. F., Prendergast, G. C. and Benjamin, L.
The expression pattem of ROS in L-NMMA treated £ (009, IoB fwol Al vt S sege spectc sl o
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indicating that the induced vasculopathies may share a commons specified during gastrulation in quadlev. Dyn.200, 144-154.
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; ; ; i~ ; i Hum. Reprod4, 503-507.
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