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SUMMARY

Little is known about how the initial endothelial plexus is
remodelled into a mature and functioning vascular
network. Studying postnatal remodelling of the retina
vasculature, we show that a critical step in vascular

positive pericytes from newly coated vessels, presumably
through interference with endogenous cues, but had no
effect on mature vessels. Disruption of endothelial-pericyte
associations resulted in excessive regression of vascular

maturation, namely pericyte recruitment, proceeds by
outmigration of cells positive for a-smooth muscle actin
from arterioles and that coverage of primary and smaller
branches lags many days behind formation of the
endothelial plexus. The transient existence of a pericyte-
free endothelial plexus coincides temporally and spatially
with the process of hyperoxia-induced vascular pruning,
which is a mechanism for fine tuning of vascular density
according to available oxygen. Acquisition of a pericyte
coating marks the end of this plasticity window.

To substantiate that association with pericytes stabilizes

loops and abnormal remodelling. Conversely, intraocular
injection of VEGF accelerated pericyte coverage of the
preformed endothelial plexus, thereby revealing a novel
function of this pleiotropic angiogenic growth factor. These
findings also provide a cellular basis for clinical
observations that vascular regression in premature
neonates subjected to oxygen therapy [i.e. in retinopathy of
prematurity] drops precipitously upon maturation of
retina vessels and a mechanistic explanation to our
previous findings that VEGF can rescue immature vessels
from hyperoxia-induced regression.

the vasculature, endothelial-pericyte associations were
disrupted by intraocular injection of PDGF-BB. Ectopic
PDGF-BB caused the detachment of PDGB-receptor-

Key words: Blood vessel, Rat, Vascular system, Pericyte,
Angiogenesis, VEGF, PDGFB

INTRODUCTION maintenance (for a recent review see Beck and D’Amore
(1997) and Folkman and D’Amore (1996). Pericytes are cells
The formation of the vascular system is a complex process (fsurrounded by basement membrane and intimately associated
recent review see Risau, 1997). The initial endothelial plexuwith endothelial cells in the microvasculature (for review see
consists of a homogenous web of endothelial cell tubes ardiaz Flores et al., 1991). Pericytes express alpha-smooth
sacs, which later become remodelled into a mature networkiuscle actind-SMA) and thus have been implicated to have
Remodelling involves the creation of large and small vessels, contractile function. The origin of pericytes, however, is
the establishment of directional flow, the association withunclear. It has been suggested that pericytes are generated by
mural cells (pericytes and smooth muscle cells) and thm situ differentiation of mesenchymal precursors at the time
adjustment of vascular density to meet the nutritionabf endothelial sprouting (Nehls et al., 1992). Other studies,
requirements of the surrounding tissue. Initially, theusing an ‘in vitro angiogenesis’ system have suggested that
endothelial plexus is created in excess and the final adjustmesgricytes are formed by migration and de-differentiation of
of vascular density involves the regression of unnecessagrterial smooth muscle cells (Nicosia and Villaschi, 1995).
vessels (i.e. vascular pruning). While much is known about In vitro studies have highlighted the possible role of
factors and mechanisms that initiate vascular developmengericytes and smooth muscle cells in regulating endothelial cell
relatively little is known about the subsequent process gbroliferation via secretion of inhibitory growth factors such as
remodelling. TGF{ (Orlidge and D’Amore, 1987) and inhibition of
Several studies have suggested that association with muraigration (Sato and Rifkin, 1989). Supporting data for the
cells is critical for proper vascular development andregulation of the endothelial cell network by pericytes is the
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observation that pericyte dropout precedes proliferativlasticity window for the fine-tuning of the developing

retinopathy in diabetic patients (Speiser et al., 1968). vasculature according to the nutritional needs of the retina.
A role for mural cells in maintaining vascular integrity wasFindings reported here also uncover a function for VEGF in

suggested by a number of gene knock-out studies. Thigecruitment of pericytes, thus providing a mechanistic

includes disruption of the genes encoding the endothelial cekexplanation for the protective role of VEGF against insults that

specific receptors Tiel and Tie2 (Dumont et al., 1994; Puri énitiate ROP pathogenesis.

al., 1995; Sato et al., 1995), the Tie-2 ligand, Angiopoetin-1

(Angl) (Suri et al., 1996), Tissue Factor (TF) system

(Carmeliet et al., 1996) and the Platelet-derived Growth Factdf!ATERIALS AND METHODS

(PDGFB)/PDGHB receptor system (Leveen et al.,, 1994; ) _ _

Lindahl et al., 1997; Soriano, 1994). Mice deficient in thesdMmunohistochemistry of flat-mount retinas

genes show a hemorrhaging phenotype often associated WitlE)ﬂes fr_om neonatal rats were fixed in 4% buffered formaldehyde. Fo.r

reduced number af-SMA-positive perivascular cells. ANG1- dissection, the cornea, lens and sclera were removed, and hyloid

afin . - . ssels cleaned when necessary. Retinas were washed in PBS and
and TF-deficient mice also show defects in the remodelling 0\‘{“;rmeabilized in 0.5% Triton/PBS for 2 hours. Primary antibody to

the homogenous yolk-sac vascular plexus. Lastly, & gain-0f_smqath muscle actin, (SMA) (Sigma) aRdndeiraea simplicifolia

function mutation in Tie2 has been implicated in the formatiorss_1 |solectin (LEC) (Sigma) were added to 0.5% Triton/PBS/10%
of venous malformation, characterized by vessels that are bo§at serum and incubated by shaking overnight at 4°C. Retinas were

abnormally large and have a deficient smooth muscle cellashed 4-5 times for 1 hour each with PBS. Secondary antibody anti-
covering (Vikkula et al., 1996). mouse FITC (form-SMA) or extravidin-TRIC (for LEC) was added
Both the analysis of knock-out phenotypes and in vitrdo 0.5% Triton/PBS/10% goat serum for 2 hours shaking at room
studies, however, have not revealed the origin of mural cell&mperature. Washing was repeated and retinas were mounted by
the dynamics of their recruitment and how pericytes effecthaking four incisions as shown in Fig. 1A. Retinas were mounted
vascular remodelling. To address these questions, a systemuﬂfjer coverslips and viewed either with conventional fluorescence
visualize and manipulate the developing vasculature in &'Croscopy or confocal fluorescent microscopy.
natural, ongoing process is required. The retina vasculature Nfcroscopy

ideal for these experiments because of its unique architecturgynyentional fluorescent and light microscopy was performed on a
its postnatal development in rodents and the possibility ofeiss Axioskop. Slide film was scanned into Adobe Photoshop 3.0 on
molecular manipulation. a AGFA Arcus Il scanner. Confocal microscopy was performed on a
Earlier studies have highlighted the key role of oxygen irzeiss Axiovert 135M outfitted with the software program LSM410.
the formation and remodelling of the retina vasculature (for ®ouble immunofluorescence with FITC and TRITC were visualized
recent review see Stone and Maslim, 1997). Briefly, as thgsing filters BP510-525 and LP570. Images were printed from a
retina increases in mass and neuronal activity is initiateds ©PONICS NP1600 Photographic Network Printer.
‘physiological hypoxia’ is generated, VEGF expression is

. njections into the vitreous of neonatal rats and hyperoxia
upregulated and acts to promotes vascular spreading across édsosure

retlna_. Exposurg of a newborn rOdef.“ to 80% oxygen negat‘ﬁﬁection experiments always used one eye and the other was
the increase in VEGF expression and leads 10 @&fgcessed as a control. Mock injections of heat-inactivated growth
underdeveloped retinal vasculature (Stone et al., 1995). Kctor and dilution buffers were performed many times to insure there
addition to preventing new vessel growth, hyperoxia leads t@as no phenotype on the vasculature due to injection. Each
obliteration by apoptosis of already formed vessels. Thisxperiment was performed a minimum of 5-10 times and in several
suggest that vascular pruning that accompanies naturdifferent injection sessions. Additionally animals of different ages
remodelling is caused by surplus oxygen delivered to the tisswi¢ere analyzed to see effects on various stages in vascular maturation.
upon the onset of flow through the newly formed system. The Ieft'eye of each anesth_etlzed ar_umal was |_r11e(;ted wlth 100 ng
Excessive vascular pruning 1S the iitaiing event in the CCOMbInant gouth fctor ol sterle PBS. iectons o e,
pathogeness .Of Retmop_athy Of. Prematu”ty. (ROP), %(0 micromanipulator. Animals were returned to mothers for 48 hours
_bllndness-causmg dlsea_se induced in premature infants placglgﬁer in room air or 80% oxygen chambers.

in oxygen chambers. Using a rat model of ROP, we have shown

that VEGF protects retinal vessels from hyperoxia-inducecth situ hybridization

obliteration. These results suggested that VEGF (whosearaffin-embedded eyes from early postnatal rat pups were sectioned
production is suppressed under hyperoxia) is required t um thick), processed and hybridized in situ as previously described
sustain immature retinal vessels (Alon et al., 1995). It appear&hweiki et al., 1992). Autoradiographic exposure was for 6 days. As
therefore, that VEGF is critical for the survival of @ PDGFB receptor-specific probe, we used a 1.5 kb fragment of
‘immature/remodelling’ blood vessels and that independenc@ouse cDNA (kindly provided by Dr Battegay). cDNA were
from VEGF is a molecular hallmark of maturation. ThesSubcloned onto the polylinker of a PBS vector (Stratagene) and was

. . . inearized by digestion with the appropriate restriction endonuclease
%n;neoﬁgfsgﬁl?gisgguS;OlecuIar basis of this maturation ste, ™, synthesis of @°S-labeled complementary RNA in the

. : . . antisense orientation. RNA probe was fragmented by mild alkaline
Here we provide a first evidence that the period of VEGFgeatment prior to use for in Eitu hybridizati%n. y

dependence (i.e. immaturity) corresponds to a period in which

new vessels are functioning but have not yet acquired a pericyte

coating. We show that there is a developmentally programmeRESULTS

lag in the recruitment of pericytes to the preformed endothelial

cell plexus and that this delay is essential in providing &he rodent retina provides a unique opportunity to study all
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aspects of neovascularization and vessel remodelling since A B
course of vessel sprouting and assembly can be reac
visualized using whole-mount retina preparations and speci
immunostaining. Furthermore, the postnatal process
amenable to experimental manipulations via intravitre:
injections (see below). Briefly, a superficial layer of vesse
forms first, originating at the optic disc, spreading outwarc
radially as a homogeneous network of capillaries and reachi
the edge of the retina in the second postnatal week. Th
vessels function to carry blood soon after their formation, ev: o}

before remodelling into clear arterial and venous vessels 1s . _ ) o
evident. In a second phase, a deep vascular plexus is formF'Q' l.Schematlc illustration of the retina vasculature. The retina is
by sprouting perpendicularly as far as the inner nuclear lay awn to illustrate the alternating arrangement of arterioles (red) and

. . enules (blue), the interconnecting capillaries and the three-
(INL) and extending branches parallel to the retinal Surfacaimensional organization of superficial and deep vascular plexuses.

(Fig. 1). Thus, in a retina aged between P1 and P18, a gradi@Rf pissection along the dashed lines indicated is used to obtain a
of vascular development and subsequent remodelling can Rgt whole-mount preparation. (B) The superficial vascular plexus is
traced between the optic disc and the retinal margin anglerlying the ganglion cell layer (GCL) and will eventually remodel

between the superficial and deep networks. to form a less dense network with a range of vessel sizes and
diameters. The lower plexus develops later by capillary descent

Pericyte coverage takes place by outgrowth of followed by horizontal spreading between the inner nuclear layer

arterial periendothelial cells and lags significantly (INL) and outer nuclear layer (ONL). (O) represents the optic disc.

behind vessel formation

Recruitment of mural cells to the endotheliur~ i~
thought to be a key event in vessel maturatiol
it is unclear how pericytes become associ
with the endothelium. Using a combination o
endothelial  cell-specific marker Bandeire
simplaficosidectin (LEC) and a smooth mus
cell/pericyte-specific markei-smooth muscl
actin @-SMA), we show thati-SMA-positive
cells are recruited to the preformed endoth
plexus by migration from the arterioles along
side branches in an arteriole-to-venule direc
leading to progressive coverage of first prin
branches, and then of secondary and tel
branches of the vascular tree. Consecutive s
in vessel remodelling are depicted in Fig ,
Regarding the endothelial plexus (in red), V. 2 SMA
most pronounced remodelling event is a ma:
regression of capillaries, resulting in
formation of capillary-free zones (CFZ), arol
arterial vessels, and in a marked reductio
overall vascular density. For example, com| Fig. 2.A_cquisition o_f a pericyte coating by the pre_formed endoth(_elial plexus._ _
Fig. 2A and B, which show the same zone o Double |mmunosta|n_|ng pf_whole-_mount retina with the endothelial ceII-specn‘lc
retina at postnatal days 2 and 10, respective mr:lrk_?_rBr:mdlt(araesalvila\m(pl|C|fol)|a12§:t|nf (recli)_ and the smor?th mtusc!e cei_II/perlcyte
- : L specific marken- reen). Confocal images are shown to visualize
The_acq_wsmon of a pericyte c_oatlng (in gre egclusively the superfic?al plexus or the deer?plexus. (A) The superficial plexus at
lags significantly behind formapon of the blc P2; (B) the superficial plexus at P10; (C) the superficial plexus at P18; (D) the
vessels. Thus, at day P2, while the endotf deep plexus at P8; (E) the deep plexus at P10; (F,G) the deep plexus in the adult

.

LEC

plexus is already in place, only major arteri retina. To better illustrate the distribution of pericytes relative to that of endothelial
are associated witi-SMA-positive cells (Fic cells, the red and green fluorescence were separated in the insets of A-C. a,
2A). Outgrowth of pericytes starts with format arteriole. The following aspects of remodelling are notable: At P2, the capillary

of precapillary sphincters composed network is still dense, the capillary-free zone (CFZ) has not yet expanded and a
pericyte/smooth muscle cell clusters (arrov thin layer of pericytes is found only on the major arterioles. The arrow points at a

Fig. 2B) and, by day 10, pericytes have sp thinning branch on its way to be eliminated. At P10, the CFZ around arterioles has
out to cover only the primary branches (Fig. : expa_nded and_a CFZ start to form around primary branche_s which have also
By day P18, pericytes have reached secor acquired a pericytes coating. The arrow points at a precapillary sphincter. At P18,
. g . ‘ both primary, secondary an tertiary branches from the arterioles are densely
and tertiary branches (Fig. 2C). Coverage o covered witho-SMA-positive cells. The lower endothelial plexus is still

deep plexus is even further delayed (Fig. 2D incomplete by day P8, it is completed by day P10, but still is pericyte-free. By
Thus, none of the capillaries constituting the ¢ adulthood, every vessel in the lower plexus (and, obviously in the upper plexus,
plexus is associated with pericytes at day not shown) is associated withSMA-positive pericytes. Scale bars reflect the

(although the deep endothelial network is alre relative magnifications in A and C.
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Fig. 3. Expression of PDGIB-receptors by retinal i A : O

pericytes. Retina sections of ages P7 (left) and P10 | & v %

(right) were hybridized with a PDGBfeceptor- L " ’ »
specific probe. PDGB-receptor-positive cells -& - L
(highlighted by arrows) were identified as pericytes on ‘? N L3 \
the basis of their periendothelial localization - ' +

surrounding superficial vessels (left) and descending
vessels (right). GC, ganglion cell layer ; INL, inner
nuclear cell layer ; ONL, outer nuclear cell layer.

-t
F . 3 GCL

completed by that time) (Fig. 2E). The process of pericyteones and formation of irregular spaced vascular loops
recruitment is only accomplished by adulthood (>3 weeks aftgqcompare the control eye in Fig. 4E with the PDGF-BB-

birth) when all vessels in the deep plexus have acquired injected eye of the same animal in Fig. 4F). A quantitative

pericyte coating (Fig. 2F,G). Importantly, there is no furthemeasure of vessel regression was obtained by sizing capillary-
remodelling of the endothelial plexus after the third postnatdtee zones (CPZ), using the LSM confocal software. Distances
week, neither with respect to changes in vessel diameter nfsom the major arterioles to the first encountered secondary
changes in vascular density. These observations, as well adranch point in P10 retinas were compared between PDGFBB-
more detailed kinetic analysis (data not shown) have suggestatected eyesn=130 branches) and uninjected eyes of the same
that no further remodelling takes place after the acquisition ainimal (=134 branches). This analysis showed that the CFZ

GCL

a pericyte coating.

Disruption of endothelial-pericyte
interactions by ectopic PDGF-BB results
in aberrant remodelling

It has recently been shown that PDGF-BB secl
by endothelial cells acts in a paracrine fashic
promote recruitment of pericytes expres:
PDGF{ receptors (Lindahl et al., 1997). To st
that PDGF-BB may play a role in recruitment
retinal pericytes, we performed an in
hybridization analysis of retina sections witl
PDGF{ receptor-specific probe. As shown in |
3, pericytes are the predominant cells in
immature retina which express PDBFeceptors
suggesting that pericytes are the likely targe
PDGF-B, previously shown to be produced
retinal endothelial cells (Mudhar et al., 1993).
reasoned, therefore, that exogenous PDGI
added at the time of ongoing remodelling
interfere with the endogenous cues and, he
would disrupt endothelial-pericytes interactic
Indeed, we show that intravitreal injection
PDGF-BB during the time of vessel remodell
resulted in disruption of endothelial-pericy
interactions and in formation of new aberrant
pericytes associations. Representative exar
are shown in Fig. 4; precapillary sphincters, wl
function to regulate flow, are disrupted (comg
the control eye in Fig. 4A with the PDGF-injec
eye of the same animal in Fig. 4B). Elsewher
the retina, instead of the usual tight wrapj
around vessels, pericytes were associated
endothelial vessels in a disorganized fashion
often were connected to more than one vessel
4C,D).

Disruption of normal endothelial-pericy
interactions had a profound effect on subsec
remodelling. The most reproducible phenot
was excessive breakage of capillaries followe
their obliteration, widening of the capillary-fr

was wider in treated eyes by an average 44%, with some
regions showing even greater widening of the CPZ. Vessel

Fig. 4. Disruption of pericyte-endothelial cells associations by ectopic PDGF-BB
results in aberrant remodelling. (&}SMA staining demonstrates the normal
structure of a P10 precapillary sphincter. B5MA staining of a PDGF-BB-
injected P10 retina shows abnormal loosening of the endothelial-pericyte
interaction and abnormal pericyte association with capillaries resulting in
unusual branching structures. (C@BMA/LEC double staining of a PDGF-
BB-injected P10 retina shows examples of pericytes completely dissociated from
vessels and often in association with several vessels simultaneously. (E,F) Lectin
staining of control (E) and injected eye (F) of the same P10 animal. The arrow
highlights a broken vessel. PDGF-BB was injected 48 hours before removal of
the retina. (G,H) The combined effect of hyperoxia and PDGF-BB is shown in a
lectin-stained P10 retina following exposure to 80% oxygen for 48 hours either
without (G) or with (H) injection of PDGF-BB prior to hyperoxic exposure.

(1,J) The effects of ectopic PDGF-BB on the lower plexus is shown by kectin/
SMA double staining of a P18 retina. Control (I) and PDGF-BB-injected eye (J)
of the same animal are shown. For comparison, the superficial plexus of the
PDGF-BB- injected eye is also shown (K and L for lectin ar8MA,

respectively). a, arteriole; v, venule.
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breaking also led to the formation of capillary tanglesfFig. 5.Acceleration of
presumably due to abnormal tensile forces within the capillargericyte recruitment by
network (Fig. 4). VEGF and rescue of

As discussed above, the natural process of vascular prunifigmature vessels from
is induced by transient hyperoxia around the newly forme@Xygen-induced regressic
arterial vasculature and can be experimentally accelerated [fyB) A P6 reéma th"f}t has
subjecting neonatal pups to a oxygen-enriched atmosphe eneenxl%?sfs ;gfl’g/;nd
This is recapit_ula_ted in Fig. 4 by comparin_g th_e much reduce ayiged for lectin (A) oa-
vascular density in a P10 animal that has inspired 80% oxygesjia (B). Note that within
for 2 days (Fig. 4G) with its age-matched control (Fig. 4E)ihe ‘cleared’ area, those
Injection of PDGF-BB before placing the pup in 80% oxygenvessels that survived are
aggravated the extent of vascular injury, more clearly revealingpvered by pericytes
the abnormal remodelling seen by the uneven spacing ¢frrow). (C,D) A P13 retin
vascular loops and large areas devoid of microvessels (compapét has been exposed to
Fig. 4G, which is the uninjected eye, with Fig. 4H, which is80% Oxygen for 72 hours
the contralateral injected eye). These findings indicated that, ﬁ?‘sj'\‘;'tA"’"”Sd If\cl”t'ef;'“t((i)
addition to abnormal morphology, disrupted endothelial-?h'iS stag(e )Hyp?er%xi:dﬁj n
pericyte interactions rgnder a newly formed vasculature morg, <e obliteration of
vulnerable to oxygen-induced vascular damage. ' vessels. (E,F) Contralater

The effect of ectopic PDGF-BB on vascular remodelling wWasetina of the same animal
also examined with respect to the deep plexus. As in thshown in A and B except
superficial plexus, we observed that ectopic PDGF-BBhat VEGF was injected
disrupted the normal pattern of endothelial-pericytebefore exposure to
associations and led to aberrant remodelling (compare thgperoxia. Note the full
control eye in Fig. 41 with the PDGF-BB-injected eye in Fig.Protection from hyperoxia _
4J). Interestingly, the difference in the developmental timing irf/duced vessel regression (E) and an accelerated pericyte coverage
which the superficial and deep plexuses are formed w )t (G,H) P10 retinas of a pup raised in normoxia showing the

) . L . ent ofa-SMA staining in the left control eye (G) and 48 hours

reflected in the different timing in whlch PDGF-BB _exerted th ostinjection of VEGF to the right eye (H). Images are from the
above effect. Thus, at the same time that ectopic PDGF-B&me region of the respective retina. a, arteriole; v, venule.
affected ongoing remodelling of the lower plexus (P18), it had
no effect on the superficial plexus, which had already
completed remodelling (Fig. 4K,L; the superficial plexus of the

uninjected eye was shown in Fig. 2C). reproduced here in the rescue experiment shown in Fig. 5E.
Intravitreal injection of VEGF before exposure to hyperoxia
VEGF rescues immature vessel from oxygen- completely prevented vessel regression (compare the VEGF-
induced obliteration by accelerating pericyte injected eye in Fig. 5E with the uninjected control eye in Fig.
recruitment : implications for ROP 5A, which is from the same animal). Unexpectedly, we found

Exposure to hyperoxia is detrimental to the immaturghat injection of VEGF also accelerated the process of pericyte
vasculature and leads to excessive regression of capillariemating. Thus, whereas in the non-injected control only a few
primarily those branching from larger arterial vessels (i.e. thosef the primary branches are covered by pericytes (Fig. 5B), in
enjoying highest oxygen concentration). As vessels ‘maturg¢he VEGF-injected eye pericytes have spread further and have
they become refractory to this insult. This is illustrated in Figalso covered secondary branches (Fig. 5F).
5 showing that a 2-day exposure to hyperoxia leads to massiveTo confirm VEGF’s ability to enhance spreading of pericytes
obliteration of capillaries if applied from P4-P6 (Fig. 5A) butindependently of hyperoxia, the effect of VEGF on pericyte
has no effect if applied at a later age of P10-P13 (Fig. 5C). Thigpreading was examined under normoxic conditions. Again,
animal model recapitulates the situation in the pathogenesis mijection of VEGF at a time where spreading of pericytes along
retinopathy of prematurity (ROP) where therapeutic hyperoxighe preformed endothelial network is just beginning resulted in
leads to obliteration of immature vessels in the retina of thenarked acceleration of the process [compare the extent of
premature infant but has no deleterious effect once the newbapericyte coverage in the control eye (Fig. 5G) and the VEGF-
has passed a critical gestation age. injected eye (Fig. 5H) of the same animal]. The fields shown
A fundamental question is what marks vessel ‘maturationin Fig. 5G,H are from the edge of the retina, demonstrating that
in the sense of becoming refractory to high oxygen. W&/EGF induces coverage of even the youngest vessels that,
examined the hypothesis that the determining factor istherwise, would have acquired a pericyte coating several days
coverage by pericytes. Indeed, we found that within the mosater. These results revealed a novel function of VEGF, which
vulnerable fraction of retinal capillaries (i.e. primary branchess fundamentally different from its previously recognized roles
from arterioles) those that survived hyperoxia are distinguisheals an endothelial cell mitogen, a chemoattractant or a
by the fact that they have already acquired a pericyte coatirgermeability factor.
(Fig. 5B,D). In a previous study, we have shown that the Interestingly, VEGF-treated retinal vessels appear wider
molecular trigger of hyperoxia-induced vessel regression ithan those in the control eyes (Fig. 5). To determine whether
downregulation of VEGF beyond the level required to sustaithis is due to a thicker peri-endothelial coating or, alternatively,
newly formed vessels (Alon et al.,, 1995). This result isdue to an increased lumen, both whole mounts and retina
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simultaneously along the arterioles, i.e. irrespective of the age
of the vessel being covered. We support the view that pericytes
migrate and proliferate along existing vessels (i.e. the arterioles
to capillaries) at a developmentally programmed time.
Findings reported here provide a temporal framework for
vessel maturation. Importantly, the recruitment of pericytes is
significantly delayed and is lagging behind formation of the
endothelial plexus by many days to a week. This finding
suggests that, at least in the retina, pericytes are not likely to
play a role in the initial formation of blood vessels. Instead,
pericytes appear to influence the maturation and remodelling
of vessels. The significant delay in periendothelial cell coating
¥ defines a transient stage of immaturity. We show that the time
Z b B interval in which the vasculature is maintained without a
D ' Lt IS pericyte coating coincides and, in fact, determines a window
/f‘:z ~& of plasticity for the vasculature to be remodelled and adjusted
3 B to the physiological needs of the tissue. In the retina,
developmental remodelling of the vasculature mostly
Fig. 6. VEGF-induced widening of vessels is due to increased represents a feedback response to changes in available tissue
endothelial pr_ollferatlon. (A,_B)Awholg-moun_t preparation of P7 oxygen. We propose that the natural process of vascular
a0 PLS erles espectiel showng an ncrease n densty of pruning represents an adjustment to Surplus oxygen. The
VEGF-treated eyes, respectively, stainecbfBMA and visualized envisioned scenario 1S that developmentgl Increase In r_e'Elr_laI
F.OXygen consumption and a resultant ‘physiological hypoxia’ is

with peroxidase (red). (E) Detection of proliferating cells in a VEG . - o
injected P10 retina using an anti-PCNA antibody and peroxidase  the driving force for VEGF-mediated neovascularization.

staining (black). The arrow points to a blood vessels in the superficidlowever, only after the onset of flow through the newly made
layer with several PCNA-positive endothelial cells. vasculature can the system be ‘checked’ with respect to the
adequacy/surplus of oxygen reaching the tissue. Therefore,
there is a physiological advantage to maintain the option of
sections were stained with antiSMA. As shown in Fig. 6, vascular pruning for a certain time after the formation of the
between postnatal days 7 and 15, there is an increase in ihéial plexus. We further argue that the end of the plasticity
density ofa-SMA-positive cells associated with the arteriole, window, distinguished by the acquisition of a pericyte coating,
however, without an increase in thickness of the periprevents deleterious vessel regression due to transient
endothelial layer. Notably, VEGF did not change this situationfluctuations in tissue oxygen, which may occasionally take
In contrast, VEGF induced endothelial cell proliferation, agplace in the mature animal.
judged by the detection of PCNA-positive cells in both A pathophysiological manifestation of this regulation occurs
superficial and deep plexus (assignment of PCNA-positivethen premature infants are exposed to hyperoxia in order to
cells as mostly endothelial cells was aided by the fact that theyompensate for immature lungs. Chronic exposure of the
are localized in the lining of large vessel in the superficialimmature retina to hyperoxia leads to excessive pruning of the
plexus and by the fact that pericytes have not yet entered thasculature. When returned to room air, the remaining
deeper layer at P10; Fig. 6E). Thus, we conclude that theasculature cannot supply the retina with sufficient oxygen and
increased width of the vessels in Figs 5F,H is primarily due tabnormal, excessive ischemia-induced neovascularization
increased lumen diameter. Wider vessels have also bewads to development of ROP. The most critical factor in
observed from VEGF overexpression in other systempathogenesis of ROP, recapitulated in our ROP rodent model,
(Benjamin and Keshet, 1997; Drake and Little, 1995). is the timing of the hyperoxic insult. Thus, the incidence of
ROP drops precipitously when the premature baby is placed in
hyperoxia at a late gestational age (Gibson et al., 1990) and
DISCUSSION does not develop in the rodent model if the insult is given later
than 10 days after birth (Fig. 5). As shown here, the timing of
Despite an increasing appreciation of the role that mural cellscquiring immunity coincides with the timing of recruitment
play in maturation, remodelling and maintenance of thef periendothelial cells.
vascular system, little is known regarding the process of their To establish a cause-effect relationship between pericyte
recruitment. It has been hypothesized that concomitant witboverage and resistance to ‘oxygen toxicity’, we used two
sprouting, endothelial cells direct the differentiation of muralexperimental manipulations that either disrupt or accelerate
cell precursors from the adjacent tissue by the secretion oftural pericyte recruitment. Disruption of endothelial cell-
soluble factors (Beck and D’Amore, 1997; Nehls et al., 1992)pericytes associations with ectopic PDGF-BB resulted in
A different view is that mural cells become associated wittabnormal remodelling. Interestingly, we detected a differential
endothelial cells by migrating along newly made vasculasensitivity to ectopic PDGF-BB, suggesting that only pericytes
sprouts (Nicosia and Villaschi, 1995). We find that pericyteengaged in ongoing migration were responsive. Once covered
coverage proceeds from the arterioles toward the venules, whitempletely, the upper vasculature was unaffected by ectopic
vessel formation proceeds radially from the optic disc outward®DGF-BB, while the lower plexus was highly responsive. It
Coverage of primary and smaller branches takes placgeems likely that, just as the endothelial cells become mature,
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so do pericytes, at which point they no longer respond to earlienay indeed protect retinal vessels from the hyperoxia-incurred
cues. A possible mechanism could be downregulation of PDGifamage (Alon et al., 1995).

receptors on retinal pericytes. Studies with PDGF-B-deficient

mice have shown that PDGF is essential for proliferation and We thank Ahuva Itin, Hadassa Gnessin, and Boaz Gilo for excellent
migration of pericytes along capillaries (Lindahl et al., 1997)technical help and Dr H. Spring (DKFZ, Heidelberg) for introducing
Additional factors are likely to play a role in pericyte us to confocal microscopy. _Thls research was supported by thg Israel
recruitment, including the Angiopoietin/Tie2 system, WhichScnence Foundation (administered by the Israel Academy of Sciences)

. . ; . and by the foundation Mireille and James I. Levy, USA. L. E. B. was
appears critical for proper vascular maturity and integrity (Satq, e by the Valazzi-Pikovsky Fellowship Fund
et al., 1995; Suri et al., 1996). '
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