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In addition to retinal ganglion and amacrine neurons,
cells in the retinal pigment epithelium express PDGF-A
strongly from E16 onwards (Fig. 2A-D), the level of
expression declining gradually after birth.

PDGF- R expression in the retina
PDGF-αR mRNA is abundant in many mesodermal and
neural crest-derived tissues outside of the CNS (Morrison-
Graham et al., 1992; Orr-Urtreger et al., 1992; Pringle et
al., 1992; Schatteman et al., 1992). PDGF-αR is also
expressed strongly in the proliferating anterior lens epithe-
lium at all ages examined (Fig. 5A-H). The intense dark-
field signal in the body of the postnatal lens (Fig. 5D-H) is
artefactual, being caused by the intrinsic scattering quali-
ties of the sectioned lens tissue. In the retina, cells express-
ing PDGF-αR first appear at E14 near the exit point of the
optic nerve (arrow in Fig. 5A). Between E14 and the day
of birth, PDGF-αR expression in this region intensifies and
expands to fill the optic nerve head (Fig. 5B-D), then grad-
ually spreads across the inner surface of the retina (Fig.
5D,E). The front of PDGF-αR+ cells extends approximately
0.9 mm from the edge of the optic nerve head at P0, 1.2
mm at P2, 2.1 mm at P5 and reaches the periphery of the
retina at around P8 (data not shown). This corresponds

closely with the rate of migration of retinal astrocytes from
the optic nerve head (Watanabe and Raff, 1988), suggest-
ing strongly that the PDGF-αR+ cells are astrocytes. This
was confirmed by combining in situ hybridization with the
PDGF-αR probe, and immunohistochemistry with an anti-
body against glial fibrillary acidic protein (GFAP), on either
the same (Fig. 6C,D) or adjacent (Fig. 6A,B) sections. This
showed that the PDGF-αR autoradiographic signal is asso-
ciated with cells that express GFAP, a specific marker of
astrocytes in the CNS. PDGF-αR expression in astrocytes
in the optic fibre layer and at the optic nerve head persists
throughout postnatal life (Fig. 5G,H) into adulthood (not
shown). We do not believe that cells in the walls of blood
vessels (e.g. endothelial cells) express PDGF-αR. Under
high magnification, it is possible to discern structures at the
optic nerve head and in the optic fibre layer that resemble
cross-sectional and longitudinal views of blood vessels (see
Fig. 10): these structures do not label with the PDGF-αR
in situ probe. Moreover, we do not see PDGF-αR tran-
scripts in the outer plexiform layer of the retina, where
blood vessels are known to be located after the second post-
natal week (Engerman and Meyer, 1954), or in any struc-
tures resembling blood vessels in the optic nerve or brain
(Pringle et al., 1992).

By P2, a second band of PDGF-αR expression emerges
in the INL (arrows in Fig. 5E,F). This band of PDGF-αR
expression appears to expand outwards from the centre
towards the periphery of the retina, reaching the outer edge
by about P5. At P5 only a subset of cells in the INL
expresses PDGF-αR; these cells are located more often in
the central part of the INL than at the edges (Figs 7, 8C).
At P15, the PDGF-αR signal is clearly restricted to the
outer (choroidal) half of the INL (Fig. 8B).

Astrocytes in the optic nerve express PDGF-A
PDGF-A is synthesized and secreted by cultured rat corti-
cal astrocytes (Richardson et al., 1988). The fact that
PDGF-A mRNA (Pringle et al., 1989) and activity (Raff et
al., 1988) is also present in the postnatal rat optic nerve led
us to suggest that type-1 astrocytes are a major source of
PDGF in the nerve. This hypothesis is supported by the
results of our present study. At E14, when the optic nerve
contains astrocyte precursors but no mature astrocytes, no
PDGF-A transcripts are detected by in situ hybridization
(data not shown). By E16, when GFAP+ astrocytes are
beginning to appear in the nerve (Miller et al., 1985),
PDGF-A mRNA is present along the length of the optic
nerve except for the developing lamina cribrosa at the
extreme retinal end (Fig. 2A). Between E16 and the day of
birth (E21/P0) the PDGF-A signal increases (compare Fig.
2B with 2C). PDGF-A expression persists throughout post-
natal development (Fig. 2D), but declines somewhat in the
adult (not shown). Similar results were obtained in the
mouse optic nerve (Fig. 3A, for example). To determine
the distribution of PDGF-A protein in the optic nerve we
stained sections of P5 mouse optic nerve with our anti-
PDGF-A antibody. Intense labelling of many cell processes
was observed (Fig. 3F). These processes were generally
aligned perpendicular to the long axis of the nerve, sug-
gesting that they might correspond to astrocyte processes
rather than RGC axons. To obtain direct evidence for PDGF
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Fig. 4. Double-label immunohistochemistry of P15 mouse retina,
with anti-PDGF-A and monoclonal antibody HPC-1, a surface
marker of amacrine neurons. Anti-PDGF-A stains the retinal
ganglion cell (RGC) layer and the inner nuclear layer (INL; A).
Antibody HPC-1 stains the processes of amacrine neurons in the
inner plexiform layer (IPL) and their cell bodies in the INL.
Arrows indicate HPC-1-positive amacrine neurons that stain
intensely for PDGF-A. Scale bar, 20 µm.



545PDGF and its receptors in the retina

in astrocytes, we performed double immunofluorescence
labelling experiments on single sections with antibodies
against PDGF-A and GFAP. In P5 mouse optic nerve, many
cell processes were positive for both PDGF-A (Fig. 3D)
and GFAP (Fig. 3E). Since similar patterns of labelling
were obtained when either anti-GFAP (not shown) or anti-

PDGF-A (Fig. 3F) were used alone, the near coincidence
of PDGF-A and GFAP signals was not caused by unwanted
cross-reactivities among the antibodies, or to fluorescence
breakthrough between channels. No signal was observed
when either of the primary antibodies was omitted (not
shown). The PDGF-A signal in astrocyte processes was

Fig. 5. Distribution of PDGF-αR transcripts in the developing rat retina (R), optic nerve (ON) and lens (L). Horizontal sections were cut
through the optic nerves and eyes of rats at E14 (A), E16 (B), E18 (C), P0 (D), P2 (E), P5 (F), P10 (G) and P20 (H); these were subjected
to in situ hybridization and photographed under dark-field illumination. PDGF-αR mRNA is observed at the optic nerve head (ONH)
from E14 (arrows in A,D and G) and spreads across the inner surface of the retina starting between E18 and P0 (arrowheads in D, E, F). A
second layer of PDGF-αR expression develops in the inner nuclear layer (INL) from P2 onwards (arrows in E and F). At all ages
examined, PDGF-αR was expressed strongly in surrounding non-CNS tissues (asterisk in A). Scale bars: 500 µm.
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strongly reduced when the antibody was preincubated with
excess recombinant PDGF-AA (Fig. 3G) but was unaf-
fected by preincubating with recombinant PDGF-BB or
acidic or basic fibroblast growth factors (not shown). These
and other controls for the specificity of the anti-PDGF-A
antibody (e.g. see Fig. 3 legend) allow us to conclude con-
fidently that many astrocytes in the optic nerve express
PDGF-A. In contrast, the axons of retinal ganglion neurons
in the optic nerve did not label with our anti-PDGF-A anti-
body.

PDGF- R expression in the optic nerve
The optic nerve is completely devoid of PDGF-αR mRNA
before E18, when a very few PDGF-αR+ cells appear at
the chiasmal end of the nerve (only one PDGF-αR+ cell is
visible in the nerve section illustrated in Fig. 5C). At P0
and P2, there are many more PDGF-αR+ cells in the nerve,

and these are distributed in a gradient increasing towards
the optic chiasm (Fig. 5D,E). By P5 (not shown), the
PDGF-αR+ cells are distributed evenly along the nerve,
apart from an exclusion zone close to the eye; this is illus-
trated for a P15 nerve in Fig. 5H. The exclusion zone
includes, but is more extensive than, the lamina cribrosa,
which is that part of the nerve that pierces the schlera.

The changing distribution of PDGF-αR+ cells in the
developing optic nerve, together with other evidence (for
example, the 125I-PDGF binding properties of cultured glial
cells; Hart et al., 1989; Pringle et al., 1992) led us to suggest
previously that the PDGF-αR+ cells might correspond to
oligodendrocyte precursors (Pringle et al., 1992). Oligo-
dendrocyte precursors are thought to migrate into the devel-
oping optic nerve from germinal zones in the brain, via the
optic chiasm (Small et al., 1987). The results presented here
are consistent with that view.
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Fig. 6. PDGF-αR and GFAP expression in the
rat retina. Consecutive sections through a P9
retina (R) were subjected to in situ hybridization
with the PDGF-αR probe (A), and
immunohistochemistry with an antibody against
GFAP (B). The anti-GFAP antibody was
detected with a biotinylated second antibody
followed by streptavidin-fluorescein. The
PDGF-αR and GFAP signals both lie in the
optic fibre layer (arrows in A,B). One section
was subjected to combined in situ hybridization
to detect PDGF-αR transcripts and
immunohistochemistry to detect GFAP (C,D).
The GFAP antibody was visualized with a
biotinylated second antibody followed by
horseradish peroxidase (HRP)-conjugated
streptavidin and diaminobenzidine (Vectastain
kit). The PDGF-αR autoradiographic signal
overlies cells (astrocytes) in the optic fibre layer
that stain positive for GFAP. Note that the
relatively high level of background in A
obscures the PDGF-αR signal in the inner
nuclear layer (see Fig. 7). Scale bars: A,B, 100
µm; C,D, 10 µm.

Fig. 7. PDGF-αR transcripts in the P5 rat retina. PDGF-
αR transcripts were visualized by in situ hybridization
and photographed under dark-field (A) and bright-field
(B) illumination. Silver grains are present over cells
(astrocytes) in the optic fibre layer (lower arrows) and in
the interior of the inner nuclear layer (INL). The dotted
lines indicate the limits of the INL. Scale bar, 20 µm.
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PDGF-B and PDGF- R expression in the
developing microvasculature of the retina and
optic nerve
The patterns of PDGF-B and PDGF-βR expression in the
developing retina and optic nerve are very similar. This
suggests that ligand and receptor are expressed by the same,
or closely associated cells. In the E14 retina, PDGF-βR and
PDGF-B are expressed in small islands of cells in contact
with the back of the lens and at the vitreal surface of the
retina (Fig. 9A,B). Cells in these locations continue to
express PDGF-βR and PDGF-B during postnatal develop-
ment (Fig. 9C,D) and into adulthood (not shown). At P15
another zone of cells that express PDGF-βR and PDGF-B

is apparent in the retina, in the outer plexiform layer (OPL;
small arrows in Fig. 9E-H). At high magnification (Fig. 10),
it is evident that the PDGF-βR (Fig. 10A) and PDGF-B
(Fig. 10B) signals are frequently associated with rows of
cells that possess elongated nuclei. We presume that these
rows of cells correspond to blood vessels, which are known
to be present in the retina both in the optic fibre layer and
the outer plexiform layer (Engerman and Meyer, 1954). It
is worth noting that not all cells in these presumptive blood
vessels express PDGF-B, and not all cells express PDGF-
βR, suggesting that PDGF-B and PDGF-βR may be
expressed by different subsets of endothelial cells and/or
other cells in the walls of blood vessels.

PDGF-B and PDGF-βR transcripts are also present in
groups of cells in the optic nerve. The distributions of cells
expressing PDGF-B and PDGF-βR are similar and appear
about the same time (around birth). As in the retina, the
positive cells often have elongated nuclei and sometimes
are arranged in rows, strongly suggestive of blood vessels
(Fig. 10C). We think it likely that PDGF-βR is expressed
by capillary endothelial cells in the optic nerve and retina,
since purified endothelial cells from brain have been shown
to express PDGF-βR in vitro (Smits et al., 1989). PDGF-
B might also be expressed in endothelial cells or in nearby
cells such as pericytes.

DISCUSSION

We have presented the results of an in situ hybridization
study of PDGF and its receptors during development of the
rodent retina and optic nerve. The reason for undertaking
this study was the hope that, in a relatively simple, well-
characterized and structurally ordered part of the CNS such
as the retina, we might be able to identify the specific types
of neurons or glial cells that express PDGF and/or PDGF
receptors and infer something about their biological func-
tions in the CNS. 

PDGF-A and PDGF-B mRNAs are present at distinct
sites in the retina, so it seems likely that most PDGF in the

Fig. 8. High magnification bright-field images of in situ
autoradiographs with the PDGF-A and PDGF-αR antisense
probes, showing the distributions of silver grains over cells in the
inner nuclear layer (INL) of the rat retina. The sections have been
counterstained with haematoxylin, which stains the cell nuclei. A
shows a section of a P15 rat retina (the same one illustrated in Fig.
2E), hybridized with the PDGF-A antisense probe. Silver grains
lie over a subset of cells at the inner (vitreal) surface of the INL
(small arrows) and over retinal ganglion cells (RGC; large
arrows). B shows a section of a P15 rat retina (the same section as
in Fig. 5H) hybridized with the PDGF-αR antisense probe. Silver
grains overly cells in the outer (choroidal) half of the INL. C
shows a section through a P5 rat retina (the same section as in Fig.
7) hybridized with the PDGF-αR antisense probe. At this age the
developing INL is not so well delineated as at P15. Silver grains
are associated with cells in the interior of of the INL. IPL, inner
plexiform layer; INL inner nuclear layer; OPL, outer plexiform
layer; Ph, photoreceptors. Scale bars, 20 µm.
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retina is assembled as PDGF-AA or PDGF-BB homod-
imers. Likewise, cells in the retina appear to express either
PDGF-αR or PDGF-βR, but not both. We cannot exclude
the possibility that some cells in the optic nerve might syn-
thesize both A and B chains of PDGF, or both receptor sub-

units. It seems likely from in vitro studies, however, that
oligodendrocyte lineage cells in the nerve express PDGF-
αR but not PDGF-βR (Hart et al., 1989; McKinnon et al.,
1990; for a review of PDGF and its receptors, see Heldin
and Westermark, 1990).
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Fig. 9. Distribution of PDGF-βR and PDGF-B transcripts in the developing rat retina. Horizontal sections through rats at E14 (A,B), P2
(C,D) and P15 (E-H) were subjected to in situ hybridization with a probe against rat PDGF-βR or PDGF-B and photographed under dark-
field or bright-field illumination. A and B depict nearby (not adjacent) sections of the same animal, while C and D depict adjacent sections
of the same animal. E and G are corresponding bright-field and dark-field images of the same section through a P15 rat retina, hybridized
with the PDGF-βR antisense probe. F and H are corresponding bright-field and dark-field images of the same section through a P15 rat
retina hybridized with the PDGF-B antisense probe. In the eye, both PDGF-βR (A,C,E,G) and PDGF-B (B,D,F,H) are expressed in cells
at the posterior surface of the lens (L; thin arrows in C,D), towards the inner surface of the retina (R; arrowheads in C,D,E-H) and, from
about P15, in the outer plexiform layer (OPL; small arrows in E,G and F,H). PDGF-βR and PDGF-B are also expressed in cells in the
optic nerve (ON; C,D); these cells sometimes appear to be arranged in parallel rows resembling blood vessels (see Fig. 10). OS, optic
stalk; RGC, retinal ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer, Ph,
photoreceptors. Scale bars: A-D, 500 µm; E-H, 50 µm.
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1988; Noble et al., 1988; Pringle et al., 1989) and survival
(Barres et al., 1992b). Based on the temporal and spatial
distributions of PDGF-αR+ cells in the developing rat CNS,
we previously suggested that expression of PDGF-αR may
be restricted to cells of the oligodendrocyte lineage, at least
during the later stages of neurogenesis (Pringle et al., 1992).
Oligodendrocyte precursors are thought to migrate into the
developing optic nerve and other white matter tracts from
germinal zones in the brain (Small et al., 1987; Reynolds
and Wilkin, 1988; LeVine and Goldman, 1988). The way
that PDGF-αR+ cells accumulate in the nerve, starting at
the optic chiasm and progressing towards the eye, supports
this idea (Pringle et al., 1992 and this paper, Fig. 5C,E,H). 

The source of PDGF-A in the optic nerve:
astrocytes or axons?
We previously presented circumstantial evidence that type-
1 astrocytes in the rat optic nerve express PDGF-A
(Richardson et al., 1988; Pringle et al., 1989). The results
of double-labelling with antibodies against PDGF-A and
GFAP now confirm that view (Fig. 3D,E). We might have
expected to detect PDGF-A in the optic nerve axons, since
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Fig. 10. High magnification bright-field images of in situ
autoradiographs with the PDGF-B and PDGF-βR antisense probes
on sections of P15 rat retina and optic nerve. The sections have
been counterstained with haematoxylin, which visualizes the cell
nuclei.  A shows a section through a P15 rat retina hybridized with
the PDGF-βR antisense probe. Only the inner part of the retina,
encompassing the retinal ganglion cell (RGC) layer, the inner
plexiform layer (IPL) and the inner (vitreal) aspect of the inner
nuclear layer (INL) is shown. Silver grains lie over elongated
nuclei in the RGC layer, the IPL and at the border of the INL
(arrowheads); these cells often appear in rows and are probably
associated with blood vessels (see text). Not all elongated nuclei
in presumptive blood vessels express PDGF-βR, however. This
section is a higher magnification view of the one in Fig. 9F and H,
which shows that cells expressing PDGF-βR are also present in
the outer plexiform layer.  B shows a section through a P15 rat
retina hybridized with the PDGF-B antisense probe. As in A, only
the inner part of the retina (RGC layer, IPL and part of the INL) is
illustrated. Silver grains lie over cells that sometimes have
elongated nuclei (arrowhead), and are often close to other cells
with elongated nuclei that are unlabelled. These PDGF-B-
expressing cells, like the PDGF-βR-expressing cells, are probably
associated with blood vessels.  C shows a section through a P2 rat
optic nerve, hybridized with the PDGF-βR antisense probe. As in
the retina, silver grains often overly rows of cells with elongated
nuclei that we interpret as blood vessels.  Scale bar, 10 µm.

Fig. 11. PDGF-αR and PDGF-A transcripts in the neural retina
during development. INL, inner nuclear layer; RGCs, retinal
ganglion cells. PDGF-αR and PDGF-A are expressed in distinct
but neighbouring populations of cells, suggesting local paracrine
interactions between neurons (RGCs, amacrines) and glial cells
(astrocytes, putative Müller glia) in the retina.
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PDGF-A immunoreactivity is associated with RGC axons
in the optic fibre layer of the retina (Figs 3B, 4A). It would
make sense if RGC axons were a source of PDGF for the
oligodendrocyte precursors with which they interact, but
our failure to detect PDGF-A immunoreactivity in optic
nerve axons argues against this idea. It is possible that
RGC-derived PDGF is only transported a short distance into
the axons and does not reach the optic nerve, or its con-
centration in optic nerve axons may be below the limit of
detection with our antibody. Alternatively, the PDGF-A that
is associated with RGC axons in the retina may be surface-
bound, not intracellular.

PDGF-B and PDGF- R in developing and mature
blood vessels
In the eye and optic nerve, the distribution pattern of PDGF-
B mRNA is very similar to that of PDGF-βR mRNA. Blood
vessels are known to be present at the sites of PDGF-B and
PDGF-βR expression in the retina (Engerman and Meyer,
1954). Capillary endothelial cells from brain have been
shown to express PDGF-βR in culture (Smits et al., 1989),
and our in situ hybridization studies of the rat brain and
spinal cord (H. Mudhar and W. Richardson, in preparation)
strongly suggest that the same is true in vivo, so it seems
reasonable to suppose that the PDGF-βR+ cells that we see
in the retina and optic nerve are endothelial cells. The co-
localizing PDGF-B transcripts could be co-expressed in
endothelial cells, or in another cell type associated with
blood vessels, such as pericytes. There is evidence that cap-
illary endothelial cells in the human placenta co-express
PDGF-B and PDGF-βR (Holmgren et al., 1991), suggest-
ing that these cells might undergo autocrine growth stimu-
lation during development.

Blood vessels are closely associated with astrocytes at
the inner surface of the rat retina; since retinal astrocytes
express PDGF-αR they could conceivably respond to
PDGF-BB from vascular cells as well as PDGF-AA from
RGCs. Networks of cell-cell interactions such as this could

be important for ensuring proportional growth and survival
of interdependent tissue elements.
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Fig. 12. The dynamics of
PDGF-αR and PDGF-A
expression in the developing
retina compared to some
other key developmental
events. Dotted lines
represent uncertainty about
the precise time of onset of
gene expression. Black
boxes on lines indicate the
peaks of cell death in the
corresponding cell layers.
The lower part of the Figure
is adapted from Beazley et
al. (1987).




