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Role of platelet-derived growth factors in
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ABSTRACT The current understanding of platelet-derived growth factor (PDGF) physiological
functions in vivo is discussed in the context of mouse development. In particular, the review focus-
es on recent experiments in which genetic approaches have been applied in order to mutate the
PDGF and PDGF receptor genes in the mouse. Thus, the PDGF-B and PDGF beta receptor (PDGFRb)
genes were recently inactivated by homologous recombination in embryonic stem cells. Their phe-
notypes are highly similar, displaying cardiovascular, hematological and renal defects. The latter is
particularly interesting since it consists of a specific cellular defect: the complete loss of kidney
glomerular mesangial cells. As such, the phenotype not only sheds light on the developmental
importance of PDGF-B-PDGFRb interactions, but also reveals information about the function of
mesangial cells. Based on detailed morphological studies of mutant glomeruli and the absence of
urin collection in the ruinary bladder, | propose that the mesangial cells function as interior "filter
holders”, the "filter" consisting of the glomerular basement membrane and associated cells types.
The filter holder model would predict that glomerular filtration is critically dependent on an inte-
rior structural support of the filter, which is normally provided by the mesangial cells and the
mesangial matrix. In addition to the mutants generated by gene targeting, the mouse patch muta-
tion is discussed. This deletion encompassed the PDGFRa locus. The last part of the review focus-
es on the problems encountered when interpreting gene knockout phenotypes in the physiologi-
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cal functions of gene products.
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Introduction

Platelet-derived growth factors (PDGF) were first identified as
products of platelets which stimulated the proliferation in vitro of
connective tissue cell types such as fibroblasts (Kohler and
Lipton, 1974), smooth muscle cells (Ross et al., 1974) and glia
cells (Westermark and Wasteson, 1976). Consequently, PDGF
was assumed to play a role in wound healing. This idea has
been reinforced by the demonstration that PDGF, in addition to
being growth promoting, also stimulates directed migration
(Grotendorst et al., 1981, 1982; Seppéa et al., 1982; Bressler et
al., 1985; Siegbahn et al., 1990) as well as modulated extracel-
lular matrix production by fibroblasts and smooth muscle cells
(Bauer et al., 1985; Majack et al., 1985, 1987). It has subse-
guently become clear that there exists a multitude of sources for
PDGF in addition to platelets. The expression of PDGF by cells
such as endothelial cells (Barrett et al., 1984; Collins et al., 1985,
1987), epithelial cells (Goustin et al., 1985; Antoniades et al.,
1991; Orr-Urtreger and Lonai, 1992) and macrophages
(Shimokado et al., 1985; Martinet et al., 1986) seems to accom-
pany states of proliferation or functional activation as they occur
in embryonic development or in tissue repair processes.
Neuronal expression of PDGF, on the other hand, is increased
until adulthood and stays constitutive in the uninjured adult brain

(Sasahara et al., 1991; Yeh et al., 1991; Sasahara et al., 1992).
On the basis of its expression patterns in vivo, in mammalian
embryonic and extraembryonic tissues, and in conjunction with
many pathological processes in the adult, it has been proposed
that PDGFs are of developmental and pathophysiological impor-
tance in addition to their putative roles as wound hormones.
Detailed and recent reviews on the possible roles for PDGFs in
disorders such as neoplasia and atherosclerosis have been pre-
sented elsewhere (Ross et al, 1986; Raines ef al, 1990;
Westermark and Heldin, 1991; Raines and Ross, 1993;
Westermark, 1993). The primary aim here is to summarize to-
date's understanding of the roles of PDGFs in mammalian devel-
opment. This understanding is still rudimentary; however,
through the recent analyses of embryonic PDGF ligand/receptor
expression patterns, analyses of the mouse patch mutant — a
natural deletion encompassing one of the PDGF receptors, and
through the analyses of PDGF ligand and receptor knock-out
mice generated by gene targeting, some principles are begin-
ning to emerge. The last sections will deal with possibilities and
problems with gene targeting approaches, with special reference
to PDGF mutant mice.

Abbreviations used in this paper: PDGF, platelet-derived growth factor;
PDGFR, platelet-derived growth factor receptor.

*Address for reprints: Department of Medical Biochemistry, University of Goteborg, S-413 90 Goteborg, Sweden. FAX: 31416108.

0214-6282/95/503.00
© UBC Press
Printed in Spain



818 C. Betsholtz

o o 0

BB

Fig. 1. Schematic illustration of the PDGF-PDGF receptor binding
specificities. Note that any PDGF isoform may bind to PDGFRea dimers
whereas PDGF-BB is the only high affinity ligand for PDGFRP dimers.

The PDGF family of ligands and receptors

The active PDGF molecule consists of 2 polypeptide chains
linked together by disulfide bonds (for reviews on the molecular
structure of PDGF and PDGF receptors, see Claesson-Welsh,
1993 and Heldin et al., 1993). Two types of chains, A and B, are
encoded by different but related genes and may form homo- or
heterodimers (PDGF-AA, PDGF-BB or PDGF-AB). These dis-
play differences in receptor binding properties. Two PDGF
receptor subtypes have been identified, the a- and B-receptors
(PDGFRa and PDGFRp). These are receptor tyrosine kinases
encoded by different but related genes (for a recent review on
PDGF receptor signal transduction, see Cooper and
Kazlauskas, 1993). The currently proposed model for PDGF lig-
and-receptor interaction is illustrated in Figure 1. It postulates
that PDGF dimers activate PDGF receptors through the genera-
tion of active PDGF receptor dimers in which each chain of the
PDGF dimer binds one receptor molecule. Here, the B-chain
acts as a promiscuous ligand in that it binds both PDGFRp or -
. PDGFRa, on the other hand, is a promiscuous receptor in that
it binds both PDGF A- or B-chains. The A-chain appears to have
a slightly higher affinity for PDGFRa than the B-chain, yet both
affinities are compatible with physiological signaling. Although
excluded from the model in Figure 1, it is possible that the A-
chain also possesses a low (physiologically relevant?) affinity for
PDGFRp (Seifert et af,, 1993). Additional challenge to the mod-
el comes from experiments indicating that monomeric PDGF-B
may exert signaling via PDGFRp (Andersson et al,, 1992).

PDGF and PDGF receptor expression patterns during
development

PDGFA mRNA has been shown to be present in the unfertil-
ized frog egg (Mercola et al., 1988) and both PDGFA and
PDGFRe are expressed in mouse preimplantation embryos

(Rappolee et al., 1988) from the one-cell up to the blastocyst
stage. Following implantation of such embryos, PDGFA and
PDGFRao. adopt a different but close (appositional) expression
pattern (for details, see Morrison-Graham et al., 1992; Orr-
Urtreger and Lonai, 1992; Orr-Urtreger et al., 1992; Palmieri,
1992; Schatteman et al., 1992). In presomitic embryos, PDGFA
was shown to be expressed by the primitive ectoderm as well as
the visceral endoderm, whereas PDGFRa was expressed in the
mesoderm. A more complex, but sandwich-like, expression pat-
tern was seen in older mouse embryos (E10-12) in which PDG-
FA expression was demonstrated in the surface ectoderm,
PDGFRa in the underlying dermatome, PDGFA in the myotome
and PDGFRa in the loose mesenchyme. Skeletal myoblasts
appear express PDGFA throughout development and they con-
tinue to do so also in vitro (Sejersen et al., 1986). PDGFRa, on
the other hand, is expressed in the prospective joints and in the
developing bone, suggesting that PDGFA-PDGFRo, interaction
takes place at muscle-bone attachment sites. In various devel-
oping organs, PDGFA is generally expressed in epithelial struc-
tures and PDGFRo is expressed in underlying mesenchyme.
This includes mammary and salivary glands, hair follicles, the
lung, the adenohypophysis, olfactory regions and the eye (see
also Mudhar et al., 1993). Taken together, these results are sug-
gestive of a widespread paracrine function for PDGFA; during
embryogenesis, epithelium-derived PDGFA may provide migra-
tory, proliferative or other signals to underlying or surrounding
developing connective tissue.

PDGFB and PDGFRp-expression patterns are less well-
mapped in mammalian embryos. It appears as if the level of
expression of this ligand-receptor pair was generally low during
early development and increased later (Mercola et al., 1990).
Using a lacZ gene integrated under the control of the PDGFRB
promoter, PDGFRp expression was suggested in cephalic mes-
enchyme at E8.5, in the heart, the somites and in limb bud mes-
enchyme at E10.5 and in the heart, the choroid plexus and
developing vertebrae at E12.5 (Soriano, 1994). Expression of
PDGFB and PDGFR} has also been mapped in the human fetal
Kidney (see below).

Both PDGFA and PDGFB expression has been found in
extraembryonic mammalian tissues. PDGFB expression has, for
instance, been mapped to cyiotrophoblasts of the placenta
(Goustin et al,, 1985; Holmgren et al., 1991) and in placental
endothelial cells (Holmgren et al., 1991). PDGFRP has likewise
been found in cytotrophoblasts and is also expressed in placen-
tal vascular structures (Holmgren et al., 1991).

The developing central nervous system has been in focus
with regard to potential sites of PDGF-PDGF receptor interaction

TABLE 1

A SUMMARY AND COMPARISON OF PDGFB AND PDGFRp
MOUSE MUTANT PHENOTYPES

PDGFB PDGFRp

hemorrhaging at E19

anemia with erythroblastosis

trombocytopenia

blood vessel dilation

heart dilation and malformation
mesangial cell deficiency

hemorrhaging at E19
anemia with erythroblastosis
thrombocytopenia

blood vessel dilation

mesangial cell deficiency
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Fig. 2. Glomerulus phenotype in PDGFB mutant embryos. Kidney sections from E17.6 PDGFE +/-(A,C) or POGF -/~ (mutant) (B,D) embryos. Note
that the glomerulus is reduced in complexity from a capillary network to a single (sometimes a few) blood-filled aneurysm-like structures. (A,B)
Hematoxylin eosin staining. The PAS stainings shown in C and D demonstrate that the normal folded appearance of the basement membrane (C,
arrows) is absent. The capillary aneurysm-like structure in the mutant kidney (D) is delimited by a basement membrane-like structure (arrows) hav-

ing cells on both surfaces.

of physiological relevance. Neurons have been shown to
express PDGFA both before birth and postnatally (Yeh et al.,
1991). In late prenatal, postnatal and adult brains, neuronal
expression of PDGFB is also evident (Sasahara et al,, 1991;
Sasahara et al., 1992) and it has been suggested that neuronal
cells may carry PDGFRp and respond to PDGF (Smits et al.,
1991). Also, glial cells have been in the focus of several studies;
in the optic nerve, type 1 astrocyte-derived PDGFA has been
proposed to constitute the signal which drives the proliferation
and determines the timing of the differentiation of O2A progeni-
tor cells into oligodendrocytes and type 2 astrocytes (Noble et
al., 1988; Raff et al., 1988; Richardson et al., 1988; Pringle et al.,
1989). It has moreover been proposed that PDGFRo may be an
early marker for the oligodendrocytic lineage (Pringle and
Richardson, 1993; Yu et al., 1994).

The mouse patch mutant
Patch is a natural mutation in the mouse that manifests as a

patch-wise pigmentation deficiency in heterozygots and embry-
onic lethality involving a plethora of developmental abnormalities

in homozygots (Grineberg and Truslove, 1960). The patch
mutation is a deletion which has been found to encompass the
PDGFRa locus but potentially includes also additional genes
(Smith et al., 1991; Stephenson et al., 1991). Thus, the pheno-
type of homozygous patch mutant should reflect PDGFRa-defi-
ciency, perhaps in combination with other defects. This pheno-
type includes several features which correlate well with the
PDGFRa. expression pattern (Grineberg and Truslove, 1960;
Morrison-Graham et al., 1992; Orr-Urtreger and Lonai, 1992;
Orr-Urtreger et al,, 1992; Schatteman et al, 1992; see also
review by Bowen-Pope et al., 1991), the pigmentation deficiency
in patch heterozygots is, however, difficult to tie to the PDGFRo.
absence and instead suggests that the neighboring kit locus is
affected. Since the structural part of the kit locus appears to be
excluded from the deletion, the function of transcriptional regula-
tory regions may be compromised. Comparisons between the
patch phenotype and PDGFA and PDGFRa gene knockout phe-
notypes are underway and should finally resolve these issues.
The fact that all patch embryos implant and develop normally
during the early postimplantation period suggests that the PDG-
FA/PDGFRa coexpression seen in the preimplantation embryo
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either has no function or is not rate limiting for these putative
functions in case they are shared with other molecules. The
same reasoning can be applied to the early postimplantation
period. In spite of expression of PDGFRa in the primitive meso-
derm and of PDGFA in the ectoderm and visceral endoderm, the
formation of the mesoderm did not seem to be inhibited in patch
embryos. Of particular interest is that as development proceeds,
mesenchymal cell compartments appear to be compromised
and a generalized connective tissue deficiency becomes evident
in later patch embryos. For example, mutants contain fewer scle-
rotomal cells at E9 and those mutant embryos which survive until
later stages display a virtual absence of e.g. the dermis and cer-
tain SMC compartments and moreover display malformation of
the face, the central nervous system and the cardiovascular sys-
tem. Based on the PDGFA and PDGFRa expression patterns
and the features of the homozygous patch phenotype, it is logi-
cal to assume a crucial role for PDGFA signaling via PDGFRa in
specifying embryonic connective tissue.

Analyses of PDGF-PDGF receptor mutants generated
by gene targeting

PDGFB and PDGFRp-deficient mice were recently generated
by gene targeting (Levéen et al., 1994; Soriano, 1994). A sum-
mary of their phenotypical characteristics is presented in Table 1.
Both mutations are lethal to late embryos. In fact, a majority of
the mutant embryos live up to the point of birth. However, fol-
lowing caesarean delivery at E18.5, neither mutant starts to
breath regularly. Several defects common for PDGFB and
PDGFRp-mutants were observed. The most apparent one, and
probably the cause of death, was a vascular or hematological
defect which manifests as bleeding under the skin and in sever-
al other locations including the liver, brown fat and brain. At pre-
sent, the cause of the bleedings is unclear and may relate to pri-
mary changes in the blood vessels and/or in the hematological
system (see below under "The problem of defect propagation").

Both PDGFB and Rp-deficient mice displayed a kidney
glomerulus malformation in which the normal capillary tuft was
replaced by a single or a few distended capillary loops (Fig. 2).
Electron microscopy revealed a virtual absence of mesangial
cells, whereas epithelial cells (podocytes) and endothelial cells
were present, as was the basement membrane separating these
two cell types. In the developing kidney, PDGFB has been
shown to be expressed by the epithelial cells of the developing
glomerulus (Alpers et al., 1992). In the differentiated glomerulus,
however, PDGFB expression is shifted from epithelial to mesan-
gial cells (Alpers et al., 1992). PDGFRp-expression is seen in
the metanephric blastema, in interstitial connective tissue and in
the mesangial cells of the developing glomerulus (Alpers et al.,
1992, 1993). Taken together, the ligand-receptor expression pat-
terns and the knockout phenotypes suggest that PDGFB-Rp-
interactions in the kidney drives the development of mesangial
cells. More specifically, the epithelial expression of PDGFB in the
early vesicular stage of the glomerulus may promote the migra-
tion of mesangial progenitors into the developing glomerulus.
Alternatively, or in addition, the mesangial coexpression of
PDGFB and Rp seen later may promote the survival, differentia-
tion or further growth of the mesangial compartment during the
expansion of the glomerular tuft. It should be noted that mesan-

gial expression of PDGFB and Rp is downregulated in the nor-
mal adult kidney, but is highly upregulated in conjunction with
various types of glomerulonephritis accompanied by mesangial
proliferation (Fellstrom et al., 1989; lida et al., 1991).

The fact that both PDGFB and PDGFRP mutant embryos pre-
sent mesangial cell deficiency firmly establishes that PDGFB-
PDGFRp interactions are crucial to the development of a
glomerular mesangium. The expression patterns of PDGFB and
PDGFRp are consistent with these molecules being directly
involved in mesangial cell function; however, whether this is at
the level of directed migration (of mesangial precursors into the
developing glomerular vesicle), proliferation, extracellular matrix
production, survival or combinations thereof, remains to be
established. Whatever is the ultimate cause of the failure of the
mesangial cells in PDGFB and PDGFRp-deficient mouse
embryos, the absence of these cells provides some hints con-
cerning their normal function. A number of functions have, hypo-
thetically, been associated with mesangial cells. Their contractile
properties have led to suggestions concerning regulation of
glomerular blood flow, pressure and filtration. Phagocytic prop-
erties implicate functions related to basement membrane cleans-
ing or turnover. The deposition of a firm extracellular matrix may
provide mechanical resistance to the tuft, etc. The structure of
the mutant glomerulus implies that the formation of a capillary
network requires a mesangium. Thus, the mesangium may con-
stitute a matrix for endothelial cell and glomerular capillary
growth. An obvious structural consequence of the exchange of a
complex capillary tuft with the mutant aneurysm-like structure, is
a decreased area for filtration. The second consequence for
glomerular filtration may relate to filtration physics. A filter gen-
erally requires structural support as well as efficient drainage of
the filtrate in order to be effective. By losing its mesangium, or
“filter holder", the mutant "filter" expands from the blood pressure
to the margins of the Bowman's space and, consequently, the
space for filtrate drainage is severely compromised (Fig. 3). The
predicted result would be greatly reduced filtration. At E16.5, the
first mature glomeruli are seen in the normal mouse embryo and
at E18.5, glomerular filtration is ongoing as judged from the pres-
ence of urine in the urinary bladder. At the same age, PDGFB
mutant embryos lacked urine in their bladders, which lends sup-
port to the prediction above.

Analyses of the PDGFA (Betsholtz ef al., unpublished obser-
vations) and PDGFRa (Soriano, personal communication)
mutant mouse phenotypes are ongoing. Of particular interest in
PDGFA-deficient mice, is a lung phenotype which presents a
generalized emphysema (lack of alveolar walls) together with the
absence of a specific cell type, the alveolar myofibroblast, which
has many properties in common with mesangial cells (partially
fibroblast-like, partially smooth muscle cell-like properties).
Along with the absence of alveolar myofibroblasts is a severe
reduction in alveolar elastin, which, in the normal case, colocal-
izes with the myofibroblasts, and has indeed been shown to be
produced by these cells (Noguchi et al, 1989). During mouse
lung development, PDGFA has been shown to be expressed by
epithelial cells and PDGFRa by the underlying mesenchyme
(Orr-Urtreger and Lonai, 1992). Thus, the expression pattern is
consistent with the failure of a paracrine epithelial-mesenchymal
interaction involving PDGFA and PDGFRo, leading to absence
of alveolar myofibroblasts in PDGFA mutant mice. In analogy




with the glomerulus malformation in PDGFB and PDGFRp-defi-
cient mice, it is reasonable to assume that the emphysematous
picture results from the absence of myofibroblasts and the
accompanying elastin. The scenarios are thus strikingly similar
in the kidneys of PDGFB-mutants in comparison with the lungs
of PDGFA-mutants. In both cases the growth factor deficiency
leads to the virtual absence of a highly specialized smooth mus-
cle-like cell type, which, together with its matrix (mesangial
matrix in the glomeruli or alveolar elastin in the lung) may be
instrumental in morphogenic processes leading to increased
sizes of the functionally active surfaces for filtration and respira-
tion, respectively.

Dissecting mammalian PDGF biology with the help of
mutant mice: problems and possibilities

The mouse patch mutant has been extensively analyzed. In
addition, mice deficient with regard to each individual member of
the PDGF family of ligands and receptors have been generated
and their phenotypical characterization is ongoing. Thus, the
stage appears to be set for the precise elucidation of PDGF func-
tions in vivo. The side-by-side comparison of the individual lig-
and and receptor mutant phenotypes, together with the crossing
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Fig. 3. Electron micrograph
of part of a normal (A} and a
PDGFB mutant (B) glomeru-
lus. Podocytes (po), endothe-
lial cells (en) and pearietal
epithelial cells (pe) are indicat-
ed. Note that the filtration
space between the podocytes
and the parietal epithelial cells
appears severely compro-
mised in the mutant structure.
(C) An illustration of the 'filter
holder" hypothesis to mesan-
gial cell function. In the normal
glomerulus (bottom), mesan-
gial cells (black) and their
matrix attach focally to the
glomerular basement membrane forming an inside structural support
that counteracts the force of the blood pressure (red arrows). This
allows for collection and efficient drainage of the primary urine (yellow).
In the mutant glomerulus (top) lacking mesangial cells, the blood pres-
sure will lead to distension of the filter structure (the glomerular base-
ment membrane together with its endothelial cells and podocytes)
which consumes the collecting space and leads to the hindrance of fil-
trate collection and drainage.

of different heterozygous mutants with the aim of generating and
analyzing double deficiencies is most likely going to be extreme-
ly rewarding. Many problems have to be dealt with, however, or
taken into consideration, some of which are inherent to the
analysis of mutants, natural such as patch, or those generated
by gene targeting.

The problem of linkage

It is obvious that for any natural deletion (and particularly if it
is large) it is difficult to tie one specific known gene product, abol-
ished by the mutation, to all aspects of the phenotype. As for the
patch mutation, this would require precise knowledge of the bor-
ders of the deletion, the presence or absence of other coding
sequences as well as putative transcriptional elements of impor-
tance for the correct expression of neighboring genes. The latter
situation may be especially difficult to rule out, in spite of exact
structural information concerning the deletion.

With embryonic stem cells as vehicles for the introduction of
targeted alleles into the germline, there is a risk of entering oth-
er mutations (perhaps acquired during the phase of in vitro cul-
ture). These will not create too much of a problem unless they
are tightly linked to the targeted locus (linkage between the phe-
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PDGFA PDGFB

PDGFA- knockout

PDGFB- knockout

PDGFA+B- knockout

Fig. 4. The putative functional overlap between PDGFA and PDGFB
and its significance for the knock-out phenotypes. Striped areas iflus-
trate deleted functions.

notype and the targeted locus has to be established, to start
with). Although maybe unlikely to occur, such mutations are dif-
ficult to rule out. It is known that there is a substantial risk for
“random” mutation at the site of homologous recombination,
thus, along with the designed mutation, additional changes may
occur. It is therefore important to structurally characterize the
targeted locus. However, even with perfect homologous recom-
bination, and in the absence of unknown linked mutations, it is
still difficult to formally exclude the involvement of other gene
products than the one intended. This is illustrated by the dilem-
ma of targeting vector design. A deletion of one or several cru-
cial exons (or the entire gene) will make a "null" allele, but will
neighboring genes be affected? An insertion type recombination
will result in a partial duplication of the gene and therefore, puta-
tive transcriptional elements positioned within the gene of inter-
est, but acting on a neighboring gene, are likely untouched.
However, exon skipping may, in such case, produce only a par-
tially inactivated, and thus not "null", allele. In the case of inser-
tional mutagenesis, even the absence of detectable protein
expression is not a solid proof of a null allele (a qualitative event
—the loss of a gene — cannot be proven using quantitative meth-

ods such as the determination of protein or mRNA levels).
Therefore, gene knock-out data are strengthened if 2 indepen-
dent mutations of the same gene (e.g. different parts deleted)
produce identical phenotypes. Ideally, as in the case of PDGFB
and PDGFRp discussed above, two mutually dependent pro-
teins may be individually deleted and their phenotypes com-
pared. Although the differences between the PDGFB and
PDGFRB mutant phenotypes (cardiac dilation; see Table 1) are
tempting to be interpreted as PDGFB signaling via PDGFRa, the
above mentioned potential artefacts have to be taken into con-
sideration. The closely similar or identical phenotypes of PDGFB
and PDGFRpB mutant mice (everything revealed so far except
cardiac dilation, Table 1), however, should be proven beyond
doubt to be caused by failure of PDGFB-PDGFR interactions.

The problem of overlapping functions

The PDGF ligand-receptor specificities (Fig. 1) and the bio-
chemical indications of similarities in the signal transduction
pathways between the PDGF receptor subtypes (Eriksson et al.,
1992) imply that there may be overlapping functions between the
ligands and the receptors, respectively, in vivo. The highly differ-
ent expression patterns of both the ligands and the receptors
during e.g. embryonic development, however, imply at best a
partial overlap; PDGFB is therefore not expected to compensate
fully for the absence of PDGFA during embryogenesis. The
uncovering of common functions may, as illustrated in Figure 4,
require the double knock-out. Although this can be achieved fair-
ly easily by crossing double heterozygotes (which we know are
viable), functions shared with other genes/gene products remain
a problem since they will not present unless the protein studied
is rate limiting with regard to the particular function. Thus, dis-
crepancies between the expression pattern and the correspond-
ing phenotype are difficult to interpret. The absence of a pheno-
type may indicate the absence of a function, or a shared
function. Alternatively, as discussed below, it may result from an
indirect connection between the deficient site of expression and
its obvious net result.

The problem of defect propagation

As pointed out by Bowen-Pope et al. in reviewing the patch
phenotype (Bowen-Pope et al., 1991), we tend to search for cor-
relations between expression patterns and mutant phenotypes in
such a way that we can ascribe the defects to the lack of the
gene product within the affected tissue or its immediate precur-
sor. However, the link (pathogenesis) between the lacking gene
product (etiology) and the phenotype (disease) may be much
more indirect. There are several aspects (in a strict sense) of the
PDGFB and PDGFRB mutant phenotypes which may fall into
this category. A good illustration to the problem is the hemato-
logical phenotype presenting anemia with erythroblastosis and
thrombocytopenia. Is PDGFB-PDGFR directly involved in the
growth and differentiation of these hematopoietic lineages or of
the common erythroid-megakaryocytic precursor? PDGFB has
been shown to be produced by erythroid precursors (Sytkowski
et al., 1990) or by leukemia cells stimulated to erythroid differen-
tiation (Alitalo et al., 1987; Papayannopoulou et al, 1987). In
turn, PDGF may promote erythropoiesis indirectly via bone mar-



row stromal cells (Delwiche et al., 1985). Thus, there are rea-
sons to speculate that the anemia in PDGFB and PDGFRp-defi-
cient mice relates to the failure of erythroid precursor cells to pro-
mote stromal cells to support the erythroid precursor cells.
However, the anemia may alternatively (and perhaps more like-
ly) be secondary to the bleedings occurring in these embryos.
What then causes the bleeding? Could the thrombocytopenia be
involved? If so, what is the cause of the thrombocytopenia?
Platelets contain PDGF and it was recently suggested that fol-
lowing the platelet release reaction, PDGF binds back to platelet
PDGFRa which, in turn, inhibits platelet aggregation and release
(Vassbotn ef al., 1994). If platelets are deficient with regard to
PDGF, the abrogation of this putative autocrine feedback
inhibitory loop may lead to platelet hyperaggregation and hence,
platelet consumption, eventually leading to trombocytopenia and
hemorrhage (compare to thrombotic thrombocytopenic purpura
(TTP) in humans). A different scenario is that of a primary defect
in blood vessels, leading to bleeding in conjunction with birth
because of the blood pressure increase expected to occur at this
time. This scenario lends support from the notion that PDGFB is
expressed by many types of vascular endothelial cells and that
PDGFB containing PDGF dimers are potent growth factors for
many vascular wall cells, including smooth muscle cells. There
are also certain capillary endothelial cells which express
PDGFRp (Smits et al., 1989; Holmgren et al., 1991). In addition
to putative vascular defects, we cannot at present exclude that
anemia and thrombocytopenia are secondary to deficient hor-
monal regulation of the precursors. Erythropoietin and throm-
bopoietin are produced by kidney and liver respectively and both
these organs display abnormalities in the PDGFB mutants (in
addition to the mesangial cell deficiency, both the kidney and the
liver are reduced in size). Obviously, since hematopoiesis in
mouse embryos up to the point of hemorrhage, is primarily
occurring in the liver (and to some extent in the spleen and bone
marrow), the reduction of the size of this organ may be partially
or fully responsible for the anemia and thrombocytopenia seen.

The hematological picture may thus result from defect propa-
gation in many steps and the same may be the case with the car-
diac dilation seen in PDGFB mutant embryos (Table 1). It is clear
that further studies are required to reveal the basis for the hem-
orrhaging seen in the PDGFB and PDGFRp-deficient embryos
and the heart phenotype of the PDGFB mutants. To this end, the
detailed mapping of phenotypes and expression patterns would
need to be combined with mechanistic studies in cell or organ
culture or in vivo. For example, the transplantation of PDGF-neg-
ative hematopoietic stem cells into irradiated normal recipients
should potentially resolve whether the hematological defect of
the PDGFB mutant lies autonomously within the hematopoietic
system or not.

The problem of embryonic lethality

Knockout animals generally provide opportunities for analy-
ses up to the point of the first vital function of the target gene
product. For the PDGFs, which seem to be obligatorily required
during embryonic and early postnatal life, gene targeting does
therefore not, at first glance, appear well suited for the analyses
of PDGF functions in the adult. However, the creation of the null
allele is just one of the many possibilities with gene targeting
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which allows for the analysis of the 100% or 50% reduction in the
level of the gene product (the latter is frequently the case in het-
erozygotes).

The possibilities

Gene targeting offers numerous possibilities in addition to
gene knockout. For example, the establishment of PDGF or
PDGF receptor homozygous mutant embryonic stem cell lines
and their subsequent use to generate wild type/mutant mosaic
animals is a way to address questions concerning cell lineages
and cell autonomy depending on PDGF-PDGF receptor interac-
tions. If the mutant (or wild type) cells can be tagged in order to
allow their identification in e.g. tissue sections, it may be possi-
ble to answer some of the questions raised above concerning
the absence of mesangial cells. If failure of paracrine attraction
of mesangial cells by epithelial cells, PDGFB-negative (but not
PDGFRp—negative) mesangial cells should be allowed to popu-
late the mesangium. However, if mesangial deficiency is caused
by failure of the putative autocrine loop established in conjunc-
tion with further growth of the developed glomerulus, PDGFB-
negative cells should not be allowed to populate the mesangium.

Additional possibilities may be provided by alleles other than
"null" generated by gene targeting. It has been mentioned above
that insertional mutagenesis may be used to create a functional-
ly compromised, but not fully inactive allele. Several approaches
to subtle mutagenesis have been reported (Hasty ef al., 1991;
Valancius and Smithies, 1991) including a recently reported suc-
cessful attempt to generate tissue-specific gene knockout (Gu et
al., 1994). Among our own immediate concerns are the potential
functions specifically associated with C-terminally extended
forms of the PDGF chains. In PDGFB, it is known that efficient
release (of PDGF-BB) required C-terminal proteolytic processing
of the precursor. Cell types deficient with regard to this produce
cell surface- or extracellular matrix-bound PDGF-BB
(LaRochelle et al., 1991; Ostman et al., 1991; Raines and Ross,
1992). In PDGFA, an alternative splice variant produces a C-ter-
minally extended (Betsholiz et al., 1986; Rorsman ef al., 1988),
cell-associated (Andersson et al., 1994) form of PDGF-AA. As it
is tempting to speculate about specific functions associated with
these PDGF forms in vivo, efforts aiming at the selective inacti-
vation of these cell retention- or matrix association motifs by
gene targeting are ongoing.
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