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Introduction
Retinal astrocytes are believed to be responsible for controlling
development of the retinal vasculature in mammals. Astrocytes
emerge from the optic nerve head around birth and spread as
a proliferating cell population across the inner surface of the
retina (Stone and Dreher, 1987; Watanabe and Raff, 1988; Ling
et al., 1989; Sandercoe et al., 1999). The resulting network of
astrocytes acts as a template for the developing retinal
vasculature, which also spreads out from the optic nerve head
(Jiang et al., 1995; Zhang and Stone, 1997; Fruttiger, 2002).
The precise mechanisms by which retinal astrocytes guide
endothelial cells across the retina are not entirely understood
but a recent study has shown that the adhesion molecule R-
cadherin, expressed by retinal astrocytes, is important for
normal retinal vascular development (Dorrell et al., 2002).
Retinal astrocytes also express vascular endothelial cell growth
factor (VEGF), which promotes endothelial cell proliferation
and migration (Alon et al., 1995; Stone et al., 1995; Pierce et
al., 1996; Provis et al., 1997). It has been shown that
endothelial cells at the leading edge of the vascular plexus
possess long filopodia that closely follow the underlying
astrocyte scaffold (Dorrell et al., 2002; Gerhardt et al., 2003).
The directed extension of these filopodia is mediated via VEGF
receptor 2, and is dependent on the correct spatial distribution
of VEGF within the retina (Gerhardt et al., 2003). We
previously found that disturbances to the astrocyte network
strongly affect vascular patterning (Fruttiger et al., 1996).

Thus, the final arrangement of retinal blood vessels depends
critically on the pre-pattern of astrocytes; factors that influence
retinal astrocyte development ultimately also affect retinal
vessels.

Retinal astrocytes arise from a population of precursor cells
in the optic nerve head that express Pax2 and the platelet-
derived growth factor receptor alpha (PDGFRα) (Mudhar et
al., 1993; Otteson et al., 1998; Chu et al., 2001; Dakubo et al.,
2003). As these astrocyte precursors invade the retina they
proliferate rapidly and start to express low levels of GFAP. As
they mature, retinal astrocytes become quiescent and display
strong GFAP immunoreactivity (Chu et al., 2001; Gariano,
2003). PDGFRα continues to be expressed at all stages of
maturation and is important for retinal astrocyte proliferation
and migration, being activated mainly by PDGFA homodimers
from retinal neurons (Mudhar et al., 1993; Fruttiger et al.,
1996). In transgenic mice that overexpress PDGFA under the
control of the neuron-specific enolase gene promoter (NSE-
PDGFA mice), the number of retinal astrocytes is greatly
increased, causing a proportional overgrowth of the retinal
vasculature (Fruttiger et al., 1996). This indicates that PDGFA
is normally a limiting factor for astrocyte proliferation and
subsequent angiogenesis. We speculated that if this limitation
were overcome by creating an autocrine mitogenic loop in
astrocytes, then the astrocytes might proliferate indefinitely
and trigger uncontrolled angiogenesis.

We tested this by engineering transgenic mice that express

Development of the retinal vasculature is controlled by a
hierarchy of interactions among retinal neurons, astrocytes
and blood vessels. Retinal neurons release platelet-derived
growth factor (PDGFA) to stimulate proliferation of
astrocytes, which in turn stimulate blood vessel growth by
secreting vascular endothelial cell growth factor (VEGF).
Presumably, there must be counteractive mechanisms for
limiting astrocyte proliferation and VEGF production to
prevent runaway angiogenesis. Here, we present evidence
that the developing vessels provide feedback signals that
trigger astrocyte differentiation – marked by cessation of
cell division, upregulation of glial fibrillary acidic protein
(GFAP) and downregulation of VEGF. We prevented

retinal vessel development by raising newborn mice in a
high-oxygen atmosphere, which leads, paradoxically, to
retinal hypoxia (confirmed by using the oxygen-sensing
reagent EF5). The forced absence of vessels caused
prolonged astrocyte proliferation and inhibited astrocyte
differentiation in vivo. We could reproduce these effects by
culturing retinal astrocytes in a low oxygen atmosphere,
raising the possibility that blood-borne oxygen itself might
induce astrocyte differentiation and indirectly prevent
further elaboration of the vascular network.
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a PDGFA transgene under control of the GFAP gene promoter
(GFAP-PDGFA mice) (Fruttiger et al., 2000), so that astrocytes
provide their own PDGFA. Despite dramatic early
hyperproliferation of astrocytes and blood vessels, cell
proliferation still slowed down and stopped within a week after
birth – just as in wild type mice – although final cell numbers
were much higher in the transgenics. We found no evidence
that expression of the PDGFA transgene or its receptor
PDGFRα is extinguished in the transgenics, so there must be
other factors that limit retinal astrocyte proliferation even when
PDGFA is in excess.

In the present study, we tried to identify factors other than
PDGF that limit retinal astrocyte proliferation. We noticed that,
in neonatal mice, most astrocyte proliferation and VEGF
expression occurs in the peripheral retina, ahead of the
advancing vasculature. This suggested that blood vessels or
their contents might negatively regulate both astrocyte
proliferation and VEGF expression. We tested this by raising
newborn mice in a high-oxygen atmosphere, which blocks
development of retinal blood vessels and consequently leads to
tissue hypoxia. This was accompanied by enhanced astrocyte
proliferation and VEGF production, suggesting that blood
vessels normally limit their own formation through a feedback
signal(s) that serves to cut off the VEGF supply. The negative
feedback could be mediated by a molecule(s) released from
endothelial cells or the blood. We found that astrocyte
proliferation and differentiation could be controlled in vitro
by manipulating oxygen tension, raising the possibility that
oxygen itself might be an active moiety.
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experiencing normoxia, despite the absence of retinal vessels.
A likely explanation is that the optic nerve head is oxygenated
directly by the major hyaloid artery that passes along the optic
nerve, through the central retina to the lens (Claxton and
Fruttiger, 2003). Note that this hyaloid artery is not visible in
our whole-mount preparations.

Retinal oxygen tension measured with the hypoxia
marker EF5
In order to visualize oxygenation in whole-mount retinae we
used the EF5 hypoxia marker system (Koch, 2002). Mouse
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normoxic cultures, but remained elevated throughout the
culture period (Fig. 5I).

Discussion
A lot of research has focused on local factors that control blood
vessel growth. However, little is known about the reverse: how
blood vessels affect development of surrounding tissue. In this
study, we provide evidence that blood vessels exert a negative
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overriding factor for inhibiting retinal astrocyte proliferation.
Our findings raise the question of whether retinal astrocytes
will proliferate unchecked in GFAP-PDGFA mice if we can
simultaneously prevent development of the retinal vasculature.
To test this, we tried to block vessel growth in neonatal GFAP-
PDGFA mice by raising them in an 80% O2 atmosphere – but
without success, perhaps because the greatly increased number
of retinal astrocytes in the transgenics provided too strong an
angiogenic stimulus to be overcome by hyperoxia.

In the present study we also present evidence suggesting that
tissue oxygenation might be the critical factor that drives
differentiation of retinal astrocytes. In vitro, low oxygen kept
retinal astrocytes in a proliferating, immature state, whereas
increased oxygen inhibited their proliferation and induced a
more mature, GFAP-positive phenotype. From our experiments
it is not possible to determine whether oxygen levels affect
astrocytes directly or indirectly; for example, by stimulating
the release of differentiation factors from other retinal cells. It
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(Maltepe and Simon, 1998). Therefore, many cell types develop
and differentiate in an environment of changing oxygen
concentrations and it seems likely that more examples will be
found of cells maturing in response to rising oxygen levels.

How do our studies of retinal astrocytes apply to other regions
of the CNS? Astrocytes in the gray matter of the brain or spinal
cord are usually GFAP-negative, apart from those that
specifically contact blood vessels, which express GFAP strongly
(Bignami and Dahl, 1974). It is possible that astrocytes in
contact with blood vessels are induced to express GFAP by
differentiation factors secreted by vascular cells or, alternatively,
because they experience higher oxygen concentrations than
astrocytes further away from vessels. Sequence analysis of the
GFAP promoter region reveals several hypoxia response
elements (not shown), but to date it has not been established how
or whether these affect GFAP transcription in vivo.

In future it will be interesting to explore the developmental
relationships between astrocytes, blood vessels and oxygen in
the brain and spinal cord. It is also an intriguing possibility that
reciprocal feedback between vessel-inducing cells and their
associated vessels might govern vascular development in other
parts of the embryo outside the CNS.
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