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Summary

The platelet-derived growth factor receptor a-subunit
(PDGFRa) is the form of the PDGF receptor that is
required for binding of PDGF A-chain. Expression of
PDGFRa within the early embryo is first detected as the
mesoderm forms, and remains characteristic of many
mesodermal derivatives during later development. By
9.5 days of development, embryos homozygous for the
Patch mutation (a deletion of the PDGFRa) display
obvious growth retardation and deficiencies in mesoder-
mal structures, resulting in the death of more than half
of these embryos. Mutant embryos that survive this first
critical period are viable until a new set of defects
become apparent in most connective tissues. For
example, the skin is missing the dermis and connective
tissue components are reduced in many organs. By this

stage, expression of PDGFRa mRNA is also found in
neural crest-derived mesenchyme, and late embryonic
defects are associated with both mesodermal and neural
crest derivatives. Except for the neural crest, the lens
and choroid plexus, PDGFRa mRNA is not detected in
ectodermal derivatives until late in development in the
central nervous system. Expression is not detected in any
embryonic endodermal derivative at any stage of
development. These results demonstrate that PDGFRa
is differentially expressed during development and that
this expression is necessary for the development of
specific tissues.

Key words. aPDGF receptor, Patch, in situ hybridization,
mouse embryogenesis.

Introduction

Synthesis or release of platelet-derived growth factor
(PDGF) is associated with proliferation of connective
tissue cell types in many pathological conditions,
including atherosclerosis, oncogenic transformation
and tissue response to injury. The ability of PDGF to
stimulate the proliferation and migration of many
connective tissue cell types in culture has been well
documented (for review see Ross et al., 1986; Raines et
al., 1990). Two PDGF receptor proteins, which have
different affinities for the A- and B-chains of PDGF,
have been identified (Yarden et al., 1986; Gronwald et
al., 1988; Matsui et al., 1989). Most cultured cells
derived from adult animals express high levels of the
PDGF receptor /3-subunit (PDGFR/S), which can bind
only the B-chain of PDGF. These cells generally
express only low levels of the PDGF receptor a-subunit
(PDGFRa), which can bind both A-chain and B-chain
and is required for the binding of PDGF-AA (Seifert et
al., 1989). This lower level of PDGFRa expression is
probably responsible for the relatively poor mitogenic

response of most cultured cells to PDGF-AA compared
with their response to PDGF-BB.

Although the PDGFR/3/PDGF-BB system seems to
be the predominant player in adult animals, the
possibility that the PDGFRa/PDGF-AA system may
play an important role during embryogenesis was
suggested by the observations that PDGF A-chain and
PDGFRamRNA transcripts are detected in preimplan-
tation mouse blastocysts (Rappolee et al., 1988) and
early embryos (Mercola et al., 1990). When transcript
levels were quantitated by SI nuclease protection assay,
a high level of PDGFRa was detected at the earliest
period studied (E6.5), while PDGFR/3 was not detect-
able until E7.5. This suggested that the PDGFRamight
be involved in early developmental processes, but, as
for virtually all of the hypotheses about the possible
roles of PDGF in biological processes, this hypothesis
was based largely on the proposition that expression
implies function. In general, it has been very difficult to
determine whether PDGF is playing a critical role in a
given process, or is merely one of many growth factors
making small additive contributions.
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An approach to identifying those processes in
development that cntically depend on a particular gene
is to determine the phenotype of embryos with a
defective gene, and to compare the pattern of defects
with the pattern of gene expression in normal embryos.
The existence of the Patch (Ph) mutation, which has
been shown to be a deletion of the PDGFRa" gene
(Stephenson et al., 1991), has permitted us to analyze
this role for the PDGFRo/PDGF system. When the Ph
mutation was first described, it was noted that PhJPh
homozygotes die before birth after exhibiting certain
gross abnormalities, including cleft face, subepidermal
blebs, and general edema (Gruneberg and Truslove,
1960). Since it was not apparent how the defects
described could be explained by a defect in PDGFRa'
expression, we used in situ hybridization to determine
the pattern of PDGFRa- expression during normal
embryogenesis and performed a detailed histological
search for defects in the development of Ph/Ph
mutants. We report that the Ph/Ph homozygotes
display a characteristic sequence of specific develop-
mental defects that result in embryonic death at one of
two stages. These defects occur in nearly all of the sites
of PDGFRa' expression in normal embryos including
both mesodermal and neural crest derived mesen-
chyme. (See also Morrison-Graham et al., 1992; Orr-
Urtreger et al., 1992.) These results indicate that PDGF
plays a critical role in the development of many tissues
and that it cannot be compensated for by other factors.

Materials and methods

Tissue preparation
C57B1/6J x C57BI/6J, Balb/c x Balb/c, or Patch x Patch (in
either C57BI/6J or Balb/c backgrounds) mice were mated and
the date of vaginal plug detection was designated E0. Mice
were anesthetized with ether and killed by cervical dislocation
at various times. Embryos were removed and fixed in 0.1 M
sodium phosphate-buffered 10% formalin (formalin), pH 7.0
for 1-7 days, dehydrated through graded alcohols and xylene,
and embedded in paraffin. (Portions of some embryos were
quick frozen in liquid nitrogen for genotyping ) For in situ
hybridization, two or three embryos in one day increments
from E6.5-E18.5 were collected, while two to five embryos at
each of various stages from E9.5-E18 were collected for
histology. All embryos were serially sectioned. 8fi sections
were cut and set aside for in situ analysis or deparaffinized and
stained with toluidine blue, Hams hematoxyhn and eosin Y,
or Gomeri's aldehyde fuchsin.

Embryoid bodies were collected by centnfugation, rinsed
3x in PBS, fixed for 20 minutes in formalin, and rinsed again
in PBS. Embryoid bodies were transferred to wells containing
2% agarose, allowed to drain, and covered with 2% agarose
plugs. Agarose blocks were fixed, embedded, and sectioned
as above.

In situ hybridization
35S-CTP-labeled sense and anti-sense riboprobes were gener-
ated from 2C-3, a 1.6 kb EcoRl segment of the mouse
PDGFRo-cDNA (Mercola et al , 1990) in pGem4 (Promega,
Madison, WI), and hydrolyzed with sodium bicarbonate to an
average size of 150 bp (Cox et al., 1984). 8 fan serial sections

were deparaffinized, rehydrated, and treated for 7.5 minutes
at 37°C with 20 /ig/ml proteinase K as described (Cox et al.,
1984). Sections were incubated with probe (1-2 x 107 cts
minutes"1 ml"1) for 16-36 hours at 55-57°C, washed, and
treated for 15 minutes at 37°C in 20 /ig/ml RNAse A
(Boehringer Mannheim Biochemicals, Indianapolis, IN),
nnsed, and incubated for 20-30 minutes at 60-65°C in 0 l x
SSC with 0.1% SDS as described (Cox et al., 1984). Slides
were dipped in Kodak NTB2 emulsion, exposed 5-10 days,
and stained with Hams' hematoxylin and Eosin Y.

Northern blot analysis
Total RNA was isolated according to Chirgwin et al. (1979),
10 ng per lane were electrophoresed on 1.5% agarose gels in
the presence of 18% formaldehyde, and transferred to
Hybond N membranes (Amersham, Arlington Heights, IL).
Equivalence of loadings was verified by ethidium bromide
staining prior to transfer. The membranes were prehybridized
overnight at 50°C in 140 mM Na2HPO4, pH7.4, 25 mM NaCl,
7% SDS, 1 mM EDTA, pH8.0, 10% PEG 8000, 85 mg/ml
salmon sperm DNA, and 47% formamide. Hybridization was
carried out in the same solution containing 106 cts minutes"1

ml"1 of a ^P-random-pnmed-labeled cDNA (Feinberg and
Vogelstein, 1983) encoding the full-length coding region of
the mouse PDGFRa (Mercola et al., 1990) Final washes were
with 0 3x SSC, 0.1% SDS at 55°C. The membranes were
exposed to Kodak XAR5 film at —80°C with an intensifying
screen

Results

Expression of PDGFRa in early postimplantation
extraembryonic endoderm is not necessary for initial
development
To examine PDGFRa- expression and its role during
early postimplantation stages, we used pluripotent ES-
D3 embryonic stem (ES) cells (Doetschman et al.,
1985) derived from the inner cell mass cells of the
blastocyst. These cells are able to proceed in vitro
through some of the stages of early embryonic differen-
tiation. Undifferentiated ES-D3 cells do not express
PDGFRa-that can be detected by northern analysis, but
when cultured as aggregates in suspension, they form
simple embryoid bodies which resemble the inner cell
mass of an E4.5 blastocyst and begin to express
PDGFRa- transcripts detectable by northern blot (Fig.
1). In prolonged suspension culture (>7 days), cystic
embryoid bodies, consisting of a fluid-filled cavity
surrounded by a cell layer with the properties of
extraembryonic endoderm, start to form. This differen-
tiation is accompanied by an increase in PDGFRar
expression (Fig. 1). In simple embryoid bodies, the
inner cells, which are comparable to the undifferen-
tiated core cells of the inner cell mass of a blastocyst,
rarely, if ever, express PDGFRar mRNA detectable by
in situ hybridization. The outer layer of embryoid body
cells differentiates into a layer with the properties of
extraembryonic endoderm, which strongly hybridizes
to probes for PDGFRa- (data not shown). The
increased expression of PDGFRa- transcripts detected
in northern blots of RNA from these cultures parallels
the increased proportion of extraembryonic endoderm
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Fig. 1. PDGFRo-transcripts are expressed during in vitro
embryo stem cell differentiation Northern blot analysis of
total RNA (10 /ig/lane) from ES-D3 embryoid bodies
cultured in suspension for 4, 7, 11, 15, or 21 days (right
lanes) and from embryoid bodies cultured in suspension for
4 days then allowed to attach and differentiate for an
additional 3, 5, 7, 11, and 17 days (left lanes). The blot
was probed with a mouse PDGFRor cDNA

cells in which PDGFRar mRNA expression is detected
by in situ hybridization. If simple embryoid bodies are
allowed to attach to the culture surface, a much more
complex pattern of differentiation develops and the
relative levels of PDGFRa- transcripts decline (Fig. 1).
The decline in the relative level of transcripts in
attached embryoid bodies parallels the dilution of
extraembryonic endoderm-like cells expressing recep-
tor mRNA by receptor mRNA-negative differentiated
cells.

In situ hybridization to early embryos shows a pattern
of PDGFRa- mRNA expression that is consistent with
the in vitro results. At E6 and E6.5 extraembryonic
endoderm is the only tissue that expresses detectable
PDGFRa mRNA. Expression is localized to visceral
extraembryonic endoderm which surrounds the extra-
embryonic portion of the embryo at this time. No
expression can be detected in the embryo proper (data
not shown).

No defects have been noted in Ph/Ph embryos during
this early (presomite) period, and there is no decrease
in the number of conceptuses in matings between
heterozygotes that could be attributed to early lethality
(Gruneberg and Truslove, 1960). As an additional way
to evaluate the effects of the lack of PDGFRa-
expression on very early development, we have derived
ES lines from Ph/Ph blastocysts (verified by genotyp-
ing) and find that they proceed through in vitro
embryogenesis in a way indistinguishable from wild-
type ES lines (data not shown). In suspension culture
they give rise to simple embryoid bodies which develop
into cystic embryoid bodies. After attachment, they
give rise to differentiated cell types.
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PDGFRa expression by embryonic mesoderm is
associated with early Ph/Ph defects
At E7.5, PDGFRar expression by the extraembryonic
endoderm has declined, but strong labeling can be seen
in large cells in the ectoplacental cone. The embryonic
mesoderm, which begins to form at around E7 is the
first tissue in the embryo to express PDGFRo- and is
uniformly labeled at E7-7.5, while the ectoderm
remains unlabeled (data not shown) (see also Orr-
Urtreger et al., 1992).

As the mesoderm begins to differentiate, expression
of PDGFRo-mRNA becomes regionalized. By E8.5-E9
both somites and the mesenchyme are labeled, but
much of the wall of the developing heart is not (data not
shown). By E9.5, expression in the somites has
declined. As the regional specialization of the somite
proceeds, expression in the myotome becomes un-
detectable, but remains high in the sclerotome (Fig. 2).
The level of expression of PDGFRa- mRNA in the
dermatome appears to correlate with age; early derma-
tomes being labeled and late dermatomes unlabeled.
PDGFRa- mRNA is present throughout the mesoder-
mal mesenchyme, including the splanchnic mesodermal
plate and surrounding the neural tube and somites, as
well as surrounding the developing vasculature, for
example the dorsal aortae (Fig. 2). With two exceptions
(described below), no ectodermal or definitive endo-
dermal derivatives are labeled (Fig. 2).

E9.5 Ph/Ph embryos display characteristic defects, all
of which can be related to the pattern of PDGFRar
expression in normal embryos. Ph/Ph embryos have a
kinked neural tube, subepidermal blebs flanking the
neural tube, and distorted somites in regions of blebs
(Gruneberg and Truslove, 1960). This reflects the
virtual absence of presumptive sclerotomal cells (which
express PDGFRarin normal embryos) in the vicinity of
the notochord (Fig. 3), and suggests that the differen-
tiation or proliferation of sclerotomal precursors re-
quires PDGFRa'expression. PDGFRaris also strongly
expressed in normal embryos by mesenchymal cells
condensing to form the major blood vessels (Fig. 2). In
Ph/Ph embryos the areas around forming vessels
contain fewer cells and dilation of the heart and
vasculature is common in Ph/Ph embryos (Gruneberg
and Truslove, 1960), possibly as a result of defective
formation of the vessel wall (Fig. 3).

PDGFRa expression and the Ph/Ph phenotype in late
mesodermal derivatives
During the early stages of organogenesis (E10.5-13.5),
the general pattern of PDGFRa- expression resembles
that seen at E9.5. At Ell.5 the mesenchyme is still
intensely labeled, both in the head, where it is both
neural crest and mesoderm derived, and in the rest of
the embryo, where it is derived from mesoderm (Fig.
4). Regionalization of expression is clearly recognizable
in the heart by Ell.5 and in the mesenchyme by E13.5
(Figs 4, 5). (See also Morrison-Graham et al., 1992.)

(A) Mesenchyme and connective tissue
Although PDGFRo-is expressed throughout the mesen-
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Fig. 3. The sclerotome is deficient in E9 5 PhjPh embryos. Light micrographs of transverse sections through the cervical
region of E9.5 normal (A) and Ph/Ph (B) embryos. Subepidermal bleb flanks neural tube and cells are absent in area
flanking notocord. Neural tube (N), notocord (No), dorsal aorta (DA), bleb (Bl). Bar=100 /an.

M

Fig. 5. PDGFRa-expression in E13.5 embryos. Sagittal
section hybridized to PDGFRar antisense nboprobe
Mesenchyme (M), rib (R), dermis (D), heart (H), lung
(Lu), liver (Li). Darkfield illumination. Bar=300 /an.

chyme at E13.5-15, it is particularly intense where
mesenchyme surrounds developing cartilage and bone,
where mesenchyme and epithelium are interacting to
form new organs, and around blood vessels (Fig. 5).
Corresponding to this pattern of PDGFRa' expression
in normal embryos, most connective tissue arising from
the mesoderm in Ph/Ph embryos shows some defect by
E13.5. By E18 this results in an embryo that is
essentially an epidermal sac filled with organs and
depleted of most connective tissue (Fig. 6). Within the
organs, the connective tissue component is also often
deficient. For example, most E18 Ph/Ph embryos show
malformations of the esophagus and trachea and
thinned or absent tendons. In some cases there are
compound defects, as in the case of the esophagus,
where both a disorganized smooth muscle layer and
diminished submucosa are seen (Fig. 7). These abnor-
malities are not due to developmental delay (i.e. slow
but otherwise normal development). Developmental
processes which do occur, occur with normal timing,
and Ph/Ph embryos do not resemble normal earlier
stage embryos.

Fig. 6. Ph/Ph embryos show abnormalities in many
mesodermal derivatives. Comparison of transverse sections
at the level of liver and lungs in normal (A) and Ph/Ph (B)
mice at E18 In the mutant mouse, the liver protrudes
from the abdomen and the spinal cord is not encased by
the vertebra, but is bounded dorsally by a fluid filled bleb.
Liver (Li), muscle (M), vertebra (V), bleb (B), dermis
(D). Bar=10/nn.

(B) Cartilage and bone
By E13.5 derivatives of the sclerotome have formed the
cartilage model of the axial skeleton (spinal column and
ribs) and the process of ossification is beginning. Like



Fig. 2. PDGFRcr expression
in E9.5 embryo. In situ
iiybridization using a
PDGFRo- riboprobe.
Sclerotome (S), mesenchyme
(M), roof of the fourth
ventricle (R), dermomyotome
(DM), heart (H), dorsal
aorta (A), brain (B).
Darkfield illumination.
Bar=100 /an.



Fig. 4. Expression of
PDGFRo-in Ell.5 embryos.
Hybridization with (A)
antisense PDGFRar riboprobe
and (B) sense control probe.
Sections through an Ell.5
embryo. Blood is unlabeled
but appears as yellowish
bright spots, e.g. in the
chambers of the heart, in this
darkfield image. Brain (B),
limb bud (Lb), sclerotome
(S), heart (H), mesenchyme
(M), trigeminal ganglion (T),
pericardium (P), primitive
trabeculae (Tr). Arrowhead
in A indicates roof of fourth
ventricle. Darkfield
illumination. Bar =150 /an.

Fig. 9. PDGF is important
for formation of the lens. In
situ hybridization of
PDGFRa- riboprobe to a
normal E11.5 lens (L), but
not to the optic cup (C) or
stalk (S). Bar=50 /an.
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Fig. 7. Effect of Ph/Ph mutation on the structure of the
esophagus. Toluidine blue stained sections through the
esophagus of an E18 (A) normal and (B) Ph/Ph embryo
Smooth muscle (M), mesenchymal submucosa (S). Bar=30

the sclerotome, the perichondrium/periosteum of the
developing bones is strongly receptor positive. The
chondrocytic core of the cartilage, however, begins to
lose expression of PDGFRar transcripts (Fig. 5), and
the osteoblasts which replace it express undetectable
levels of transcript (data not shown). PDGFR<* ex-
pression seems to be important for formation of the
axial skeleton. Some early vertebral malformations and
spina bifida were described in Ph/Ph embryos (Grune-
berg and Truslove, 1960). At later stages of develop-
ment, we find that the dorsal region of nearly all
vertebral arches is absent, and that in some cases the
distortions of the vertebrae are so severe that only their
position allows them to be identified (Fig. 6). (See also
Morrison-Graham et al., 1992.) The PDGFR<*-express-
ing sclerotomal mesenchyme between developing ver-
tebrae is the source of intervertebral discs. In some
Ph/Ph embryos, some discs are absent, and a single
vertebra spans the space normally occupied by several,
apparently indicating vertebral fusion. At various
stages of embryogenesis, distortions of other bones
formed by endochondral ossification can also be
detected, but are generally less severe than those seen
in the vertebrae (data not shown). (See also Morrison-
Graham et al., 1992.)

Fig. 8. Mesodermal components of skin fail to develop in
Ph/Ph mutants Skin of E18 (A) normal and (B) Ph/Ph
embryos stained with Gomeri's aldehyde fuchsin. Ph/Ph
embryos show an unorganized epidermis (E), absence of
dermis (D), loose underlying connective tissue web, and
thin subcutaneous muscle in mutants. Arrowheads indicate
mast cells in normal skin. (C) Normal skin at lower
magnification to show the full thickness of normal skin and
connective tissue above a vertebra (V). Muscle (M),
stratum corneum (C). Bar=100 jim.

(C) Skin and muscle
Although expression of PDGFRarnRNA is transient in
the dermatome, it is expressed througout the dermis
during development (Fig. 5). This expression is critical
for proper development of skin. Ph/Ph skin is essen-
tially devoid of a dermal layer (Figs 6, 8). A loose
connective tissue web is generaUy seen underlying the
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epidermis, and even this web is absent from skin
covering blebs (Fig. 8). The epidermis is disorganized
and Gomori's aldehyde fuchsin fails to stain the stratum
corneum (Fig. 8). This is consistent with studies
showing dermal induction is important for epidermal
proliferation and differentiation (For review see Hay,
1981, 1989). In addition, mast cells are absent or
severely reduced in number in the dermis. Typically,
the mesenchyme and muscle layers underlying the skin
are absent as well (Figs 6, 8).

Unlike the dermis, muscle does not reinitiate
PDGFRo- expression as it differentiates from the
myotome. Expression of PDGFRa- in muscle remains
undetectable in normal embryos at all stages studied.
Nevertheless, Ph/Ph embryos show a complete, or
nearly complete, absence of muscles of the back. At
later times, additional deficits can be seen, e.g., the
muscle underlying the skin is only partially formed (Figs
6, 8). It is possible that these defects result from earlier
defects in the formation of the receptor-negative
myotome from the receptor-positive somitic meso-
derm, or from inadequate interaction of myotomal
derivatives with other tissues which normally express
PDGFRar.

(D) Heart
At Ell.5 PDGFRa- mRNA is not detected in the
endocardium (Fig. 4). The myocardium is also gener-
ally unlabeled, although there appear to be small
pockets of labeling in some sections. The primitive
trabeculae and the pericardium are labeled (Fig. 4), as
is the cushion tissue of both the atrioventricular canal
and the truncus (Morrison-Graham et al., 1992). At
E13.5 and later stages, PDGFRo- mRNA remains
undetectable in the endocardium, and in most of the
myocardium (although some regions are clearly
labeled; Fig. 5). At these later stages, pericardial
labeling persists, and some labeling of the ventricular
trabeculae can be seen (Fig. 5). By E15, rudimentary
valves can be distinguished which are intensely labeled
(data not shown). Severe defects are found in the hearts
of Ph/Ph mutants, the most notable being the failure of
the heart to septate (Morrison-Graham et al., 1992). In
addition, preliminary observations indicate that valves
are distorted and blood vessels of the heart less
numerous (data not shown).

PDGFRa may play a role in the development of some
non-mesodermal derivatives
No endothelial and only a few epithelial tissues are
detectably labeled at any stage of development (Figs 2,
4, 5). This pattern of expression is consistent with
studies of cultured cells which have indicated that very
few, if any, cultured epithelial or endothelial cell types
express PDGFRar. With only three exceptions,
PDGFRa- expression is not detected in any ectoder-
mally derived tissues before E13.5, nor in the neural
crest derived proximal trigeminal, sensory, or sympath-
etic ganglia at any age studied (see also Morrison-
Graham et al., 1992).

(A) Lens
The lens is one of three ectoderm-derived structures to
express detectable PDGFRa-mRNA before E13.5. At
Ell.5, the earliest stage examined, the epithelial cells
that are forming the lens of the eye express high levels
of PDGFRar, while the adjacent optic cup is negative
(Fig. 9). PDGFRar expression seems to be important
for proper development of the lens. At a gross level, the
lens of an E13 Ph/Ph embryo is distorted. In histologi-
cal sections, they are seen to contain fewer fiber cells
distributed in a narrower band than normal counter-
parts and to have voids in the lens matrix. (See
Morrison-Graham et al., 1992.) Detection of expression
of PDGFRar in the lens, and the defects seen in lenses
of Ph/Ph mutants, partially explain the observation by
Brewitt and Clark (1988) that, in organ culture,
pulsatile exposure to PDGF allows the lens of the
newborn rat eye to maintain transparency and normal
rates of protein synthesis.

(B) Neural tube, brain and choroid plexus
PDGFRa-transcripts are detected in E9 embryos in the
most dorsal portion of the neural tube (data not
shown). This expression is transient, and coincides with
neural tube closure, and may represent labeling of early
neural crest cells. Transcripts are not, however,
detected before closure of the tube nor in E9.5 embryos
in which the tube has completely fused, except in the
roof of the fourth ventricle (Fig. 2). Both the posterior
choroid plexus, which develops from this tissue (plus a
mesenchymal component), and the anterior choroid
plexus, express PDGFRar throughout development
(data not shown). Later, at E13.5, a punctate pattern of
PDGFRa-expression begins to be detected in the brain,
brain stem, and spinal cord which persists through
adulthood (data not shown). The shape and size of
receptor-positive cells suggests that they are neurons,
but a more detailed analysis is required to determine
whether specific nuclei or tracts are labeled.

E16 or older Ph/Ph embryos display abnormalities in
the brain, but these are not consistent among speci-
mens. For example, one specimen had a small metence-
phalon, another had no olfactory bulb, and another had
collapsed ventricles. There may be more subtle central
nervous system abnormalities, but we have not exam-
ined these in detail. Ph/Ph embryos do, however, show
characteristic defects in the choroid plexus (data not
shown).

Discussion

In situ hybridization demonstrates that the PDGFRa-is
expressed more widely during embryogenesis than we
had anticipated, and that the pattern of expression
often changes dramatically during the course of forma-
tion of organs and tissues. Fig. 10 summarizes the
pattern of PDGFRa- expression beginning from the
three germ layers. (For details on neural crest ex-
pression, see Morrison-Graham et al. (1992).) The
endoderm and its derivatives never express PDGFRa-,
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Fig. 10. Summary of PDGFRar expression during embryogenesis. Developmental origin of structures discussed m the text
are illustrated (see also Morrison-Graham et al , 1992). Boxed tissues express PDGFRa-during all or part of the
developmental period indicated. Solid boxes indicate that all cells within the tissue appear to be labeled, while dashed
boxes indicate structures which have clearly delineated labeled and unlabeled areas.

the ectoderm is generally negative until relatively late in
development, when expression becomes detectable in a
few derivatives. The mesoderm expresses PDGFRar
early in development and shows the most complex
pattern of regulation of expression. It is positive at the
time it is first formed, but expression is transiently or
permanently reduced during the differentiation of
several of its derivatives. For example, the somites
derive from receptor-positive mesenchyme but by the
time that regions of the somite have differentiated into
the sclerotome, myotome and dermatome, the cells in
the myotome and late dermatome no longer express
detectable receptors. Derivatives of the myotome
remain receptor-negative during the formation of
skeletal muscle, but derivatives of the dermatome begin
to re-express PDGFRar during the formation of the
dermis. Derivatives of the receptor-positive sclero-
tome, in contrast, continue to express PDGFRar until
they have differentiated into chrondrocytes, at which
time PDGFRa- expression is no longer detected.

The observation that all PhJPh embryos die before
birth suggests that PDGFRar is playing an important
role during development. By determining the location
and timing of abnormalities in the development of
PhjPh embryos and comparing this with the pattern of

expression of PDGFRar during normal development,
we have attempted to determine the nature of the
involvement of the PDGFRa-in development. Lack of
PDGFRo- expression does not seem to affect the
formation of the mesoderm layer, suggesting that the
receptor is not required for mesodermal differentiation,
but is induced as a result of it. However, at later stages
of development, virtually all mesodermal derivatives
are affected by the absence of the receptor. There
seems to be a direct relationship between expression of
PDGFRa-and the defects seen in Ph/Ph embryos. Cell
types which would be receptor-positive in a normal
embryo are present in reduced numbers in Ph/Ph
embryos, sometimes resulting in the virtual elimination
of a component of an organ. Some of these proposed
causal links are discussed below. It should be noted at
this point that although c-kit, the nearest gene for which
a probe is available (Chabot et al., 1988; Geissler et al.,
1988) is not affected, the ends of the Patch deletion
have not been localized to within the PDGFRar gene
and it is possible that the Patch deletion might affect an
additional gene. Nevertheless, the correspondence
between the pattern of PDGFRa- expression and the
defects seen in Patch mice argues that the lack of the
receptor is the primary cause of defects in the mutants.



130 G. C. Schatteman and others

The Ph/Ph embryos examined (which have been
verified as Ph/Ph by Southern blotting) do not display
any defects which cannot be simply explained as results
of deletion of the PDGFRa-.

Ph/Ph mutant embryos are substantially smaller than
normal littermates (about 60% of normal weight). This
probably at least partially reflects the net effect of the
near complete lack of some cell types, e.g. the
sclerotomal cells, and a significant reduction in the
numbers of other receptor-positive mesodermal deriva-
tives. In addition, some of the growth retardation could
also result indirectly from changes in development of
extraembryonic support tissues. The placenta expresses
high levels of PDGFRo- mRNA, and the yolk sac is
moderately labeled in the region proximal to the
chorion (data not shown). In the one yolk sac
examined, fewer blood islands were found than in
normal animals, and an abnormal papillary structure
was seen. (See also Orr-Urtreger et al., 1992.)

Most of the specific defects that are visible by E9.5
appear to be related to the lack of sclerotomal cells. The
absence of these cells and of the extracellular matrix
which they normally secrete, probably results in the
development of blebs, edema, and swelling of the aorta
by straightforward physical processes. It is also possible
that the distortion of the neural tube results from a
growth imbalance between the sclerotome and the
neural tube.

Ph/Ph embryos that survive beyond E9.5 seem to
enjoy a brief respite: the severity of observable defects
actually decreases temporarily (Morrison-Graham et
al., 1992). The subepidermal blebs regress, and some
sclerotomal cells do eventually develop and form
approximations of normal structures. This suggests that
although PDGFRo- is important during the early
period, in some embryos its absence can eventually be
compensated for, albeit temporarily and less efficiently,
by the function of some other growth regulatory
system.

Following this period of diminished severity of
defects which ends around E12, Ph/Ph embryos begin
to show abnormalities in virtually all derivatives of the
mesoderm and some defects in ectodermal derivatives
(Figs 6-8). Many mesodermal derivatives are absent or
diminished in size. While all major defects detected are
confined to the mesoderm (and PDGFRa- expressing
ectoderm), subtle changes in ectodermal derivatives
also result which suggest an inappropriate inductive
interaction with the mesenchyme. These "inductive"
defects in ectodermal derivatives which do not express
PDGFRa', such as those seen in the epidermis, are
much less severe than those observed in PDGFRar
expressing ectoderm e.g. in the lens and choroid plexus.

Cell culture studies have indicated that PDGF may
play a role late in development in regulation of the
proliferation and differentiation of glial cells (for review
see Raff, 1989). PDGF expression has been detected in
neurons in the developing brain (Sasahara et al., 1991;
Yeh et al., 1991). These findings suggest that PDGF
may play a role in the development and/or function of
the brain. Localization of PDGFRa-mRNA in the brain

at E13.5, just prior to the time at which PDGF is first
detected, indicates that the target(s) for the brain
PDGF may also be in the brain. The PDGF/PDGF
receptor system may have little or no role in the initial
establishment of the neural ectoderm, but it may be
important at the time of closure of the neural tube and
again late in embryogenesis and after birth. Four E16-
18 Ph/Ph embryos exhibited no characteristic gross
defects in the brain, but abnormalities were apparent in
all of the brains. It is difficult to use the Ph/Ph embryos
to obtain information about the nature and cause of
these defects, or about the role of PDGFRa-expression
in the putative neurons, since most of the mutant
embryos have died by the time PDGFRa-expression in
the brain of normal embryos is well established.
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