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Platelet-derived growth factor (PDGF) affects the growth, migration, and function in vitro of mesenchymal 
cells, but little is known about its normal physiological functions in vivo. We show here that mice deficient 

for PDGF B die perinatally and display several anatomical and histological abnormalities. Kidney glomerular 

tufts do not form, apparently because of absence of mesangial cells. Instead, a single or a few distended 

capillary loops fill the glomerular space. The heart and some large arteries dilate in late-stage embryos. Most 

PDGF B mutant embryos develop fatal hemorrhages just prior to birth. Their hematological status includes 

erythroblastosis, macrocytic anemia, and thrombocytopenia. On the basis of these findings, we conclude that 

PDGF B has crucial roles in vivo in establishing certain renal and circulatory functions. 
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Platelet-derived growth factors (PDGFs) comprise a fam- 
ily of mitogens for connective tissue cells such as 
smooth muscle cells, fibroblasts, and glia cells (for re- 

view, see Raines et al. 1990). Besides growth, the cellular 
effects of PDGFs include chemotaxis (Grotendorst et al. 

1982; Siegbahn et al. 1990), differentiation (Raff 1989; 
Richardson 1990), and modulation of other cell functions 
such as the production of extracellular matrix compo- 
nents (Owen et al. 1982; Majack et al. 1985) and contrac- 
tion (Berk et al. 1986; Gullberg et al. 1990). Following its 
identification as a secretory product of platelets (Balk 
1971; Busch et al. 1976), PDGFs have been shown to be 
synthesized by numerous normal cell types, including 

endothelial cells, monocytes/macrophages, smooth 
muscle cells, fibroblasts, placenta cytotrophoblasts, neu- 
rons, and certain glial cells (for review, see Heldin and 
Westermark 1990; Raines et al. 1990; Raines and Ross 
1993). Whereas PDGF expression in megakaryocytes and 
neurons (Sasahara et al. 1991, 1992; Yeh et al. 1991) ap- 
pears to be constitutive, expression in other cell types 
generally accompanies functional or mitogenic activa- 
tion (for review, see Betsholtz 1993). 

The PDGF family includes three dimeric ligands, 
PDGF AA, AB, and BB, constituted from two polypeptide 

chains, PDGF A and B, encoded by different genes (Hel- 
din and Westermark 1989). According to the current 
model of PDGF ligand-receptor interaction, the PDGF 
receptor type-~ (PDGFRc~) binds the A- or the B-chain of 

the PDGF dimer with high affinities, whereas the PDGF 

receptor type-[3 (PDGFR[3) only binds the B-chain. PDGF 
receptor dimerization occurs as a result of PDGF binding 
and appears to be a prerequisite for signal transduction 
across the plasma membrane (Heldin et al. 1989). Con- 
sequently, the receptor dimer specificity for PDGF AA is 
cm, for PDGF AB either OLOL or oL[3, and for PDGF BB aoL, 
oL[3, or [3[3 (Hart et al. 1988; Heldin et al. 1988; Seifert et 

al. 1989). 
In the adult, most of the proposed functions of PDGF 

relate to different responses to injury, for example, in- 
flammation and wound healing {Ross et al. 1986; Heldin 
and Westermark 1990). PDGF has also been functionally 
implicated in numerous pathological conditions, includ- 
ing connective tissue overgrowth in conjunction with 
chronic inflammatory processes, atherosclerosis, fibro- 
sis, and tumor stroma formation (Raines and Ross 1993). 
Expression of PDGF B and PDGFR[3 in mesangial cells of 
the kidney glomerulus suggests a role of this ligand- 
receptor pair at this site (Abboud et al. 1987; Shultz et al. 
1988; Silveer et al. 1989). Glomerulonephritis, which of- 
ten involves extensive mesangial cell proliferation, may 
be associated with increased expression of PDGF B and 
PDGFR[3 in the glomeruli (Fellstr6m et al. 1989; Iida et 

al. 1991). 
PDGF is also thought to be important in mammalian 

embryogenesis, mRNAs for PDGF A and PDGFRa are 
coexpressed in mouse preimplantation embryos, sug- 
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gesting autocrine regulation of growth, or other func- 

tions, at these stages (Mercola et al. 1988; Rappolee et al. 

1988). Following implantation, the expression of PDGF 

A and PDGFRo~ appears to be separated in different layers 

of embryonic tissues (Orr-Urtreger and Lonai 1992), sug- 

gesting paracrine signaling. Extraembryonic expression 

of PDGF B and PDGFR[3 has been demonstrated in the 

human placenta at early and late gestation (Goustin et al. 

1985; Holmgren et al. 1991). 

Ideas concerning the functions of PDGF in vivo are 

primarily based on the expression patterns of PDGF 

ligands and receptors and their changes under physiolog- 

ical and pathological conditions. Additional clues to 

PDGF function in vivo could be obtained through loss- 

of-function analyses. Toward this end, we have gener- 

ated mice carrying a null mutation in the gene encoding 

the PDGF B-chain, which are therefore deficient with 

regard to PDGF BB and AB. The phenotypes of these 

mice include abnormal kidney glomeruli, heart and 

blood vessel dilation, anemia, thrombocytoponia, and 

hemorrhages and lead to perinatal death. 

R e s u l t s  

Mutagenesis of the PDGF B-chain gene 

The PDGF B gene consists of seven exons separated by 

differently sized introns. The major part of the mature 

PDGF B protein is coded by exons 4 and 5 (Fig. 1A). The 

tertiary structure of PDGF BB is dependent on intramo- 

lecular disulfide bridges, of which those between cys- 

teine residues 1 and 6, as well as 3 and 7, respectively, 

have been shown to be necessary for the bioactivity of 

PDGF BB (Giese et al. 1987; Sauer and Donoghue 1988; 

Ostman et al. 1992; Heldin et al. 1993). To generate a 

null mutation, we designed a targeting vector that would 

delete part of exon 3 and the entire exon 4 (Fig. 1B). This 

should abolish the function of PDGF by preventing the 

formation of a major part of the mature PDGF BB mol- 

ecule, including cysteine residues involved in all inter- 

and intramolecular S-S bridges. The targeting construct 

was transfected into the 129SV mouse embryonic stem 

(ES) cell line El4.1 (Kiln et al. 1991)and G418-resistant 

clones were selected. Southern blot analysis showed that 

Figure 1. The PDGF B gene targeting 
strategy. (A) Schematic presentation of the 
mature PDGF BB dimer and its parts en- 
coded by exons 3, 4, and 5. The position of 
individual cysteine residues (C), as well as 
the disulfide bridges, are indicated as deter- 
mined from the the crystal structure of 
PDGF BB (Oefner et al. 1992) and by cys- 
teine mutagenesis studies (Ostman et al. 
1992). Shaded areas represent the theoretic 
deleted coding capacity of the PDGF null 
allele. (BI Strategy for the PDGF B knock- 
out and discrimination between wild-type 
and null alleles using Southern blot analy- 
sis. Numbered boxes illustrate the exons of 
the PDGF B gene. Restriction sites are in- 
dicated that delineate the construct and 
probe and that are used in the Southern 
blot analysis. (R) EcoRI; (H) HindlII; (X) 
XhoI. 
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--10% (32/327) of the G418-resistant cell clones had un- 

dergone homologous recombination.  Four of these were 

selected for injection into C57B1 blastocysts to generate 

129SV/C57B1 mouse chimeras.  PDGF B + / - (heterozy- 

gous) offspring was generated by chimeras derived from 

two of the ES cell clones, 3.22 and 3.39. Using an exon 

4-specific probe, we could demonstrate that both the 

3.22 and the 3.39 mutan t  PDGF B alleles lacked exon 4 

{Fig. 2A). Thus, the targeting construct was integrated by 

a replacement mechan i sm in both clones. Hybridization 

using a neo probe showed that clone 3.22 had the PDGF 

B exon 3--4 region replaced by a concatamer of - 5 0  cop- 

Table  1. Genotypes of litters obtained by intercrossing 
PDGFB + / -  mice 

Number of Embryos (no.) ~ 

litters Age + / + + / - / 

Before birth 
2 Ell.5 5 12 5 
2 E14.5 6 11 2 
5 E16.5 8 24 12 
8 E17.5 13 31 18 (2) 

12 E18.5 25 49 23 (10) 
10 El9 25 46 16 (15) 

Total 82 173 76 
After birth 

26 1-30 days 58 126 0 

~The number of - / -  embryos of each age group that displayed 
hemorrhages at the time of ceasarean section are in parenthesis. 

ies of the targeting construct, whereas clone 3.39 had 

undergone replacement wi th  a single copy of the target- 

ing construct (Fig. 2B}. PDGF B heterozygotes from both 

clones were found to be fertile and at up to 10 months  of 

age, free of detectable clinical problems. PDGF B - / -  

(mutant) offspring was generated by intercrossings of 

heterozygotes, and the phenotypical  effects of PDGF B 

deficiency were studied in hybrid 129SV/C57B1 genetic 

background. All phenotypical  abnormali t ies  described 

below were found in both 3.22 and 3.39 mutants .  

Figure 2. Genotype analyses. (A) Southern blot analyses of 
DNA from mid-gestational embryos from a cross between 
PDGF B + / - mice. In this case, the male carried the 3.22 allele 
and the female the 3.39 allele. Individuals that are homozygotes 
with regard to the targeted allele (1, 3, and 7) lack hydridization 
to a PDGF B exon 4-specific probe proving that both the 3.22 
and the 3.39 allele lack PDGF B exon 4 and, therefore, both have 
originated via a replacement mechanism. (B) Characterization 
of the 3.39 (lanes 1,2) and 3.22 (lane 4) alleles. (Top) Hybridiza- 
tion to the 5'-flanking probe indicating heterozygous genotypes 
in lanes 1, 2, and 4. Hybridization with a neo probe (bottom) 
shows that whereas the 3.39 allele has integrated a single copy 
of the neo cassette, the 3.22 allele has integrated -50 copies of 
the neo cassette. In animal crosses the neo hybridization pattern 
always segregated with the targeted allele (not shown), provid- 
ing evidence that the 3.39 allele was created by a single copy 
replacement, as illustrated, whereas the 3.22 allele was created 
by homologous integration of a large concatamer of the target- 
ing construct, however, via a replacement mechanism, as the 
endogenous exon 4 sequence was deleted (Fig. 1A). 

Perinatal lethality of PDGF B mutan t  mice 

No PDGF B mutants  were found in 26 litters from het- 

erozygous crossings, wi th  a total of 184 pups aged 1 post- 

natal day or more. The ratio between heterozygotes and 

wild type ( + / +) was 126:58, which  is close to the theo- 

retical 2:1 ratio expected if death of all PDGF B mutan ts  

occurred before analysis. We then analyzed 331 embryos 

of different prenatal ages [embryonic day 11.5 (El l .5)-  

El9]. Here, the ratio between the prenatal wild-type and 

heterozygous and mutan t  genotypes was - 1:2:1, sug- 

gesting that all mutan t  embryos survive E11.5 (Table 1). 

However, 12 of the mutan t  E17.5-18.5 embryos were 

dead or dying and appeared hemorrhagic and edematous 

(Fig. 3A). Postnatal analysis of mutan t  individuals  

proved difficult because a majori ty of them were eaten 

by the mothers shortly after birth. To dist inguish be- 

tween the possibilities that most PDGF B mutan ts  are 

born alive and subsequently kil led and eaten by their 

mothers, versus the possibil i ty that they die spontane- 

ously perinatally, we delivered a total of 87 pups by ce- 

sarean section at El9, 0-16 hr before the expected t ime 

of birth. Of the 16 mutants  found in this group, 4 were 

dead and had the hemorrhagic and edematous pheno- 

type. The remaining 12 were alive. Eleven of these had 

subcutanous hemorrhages located pr imari ly  to the neck, 

scapular, and flank regions and over the dorsal spinal 

processes (Fig. 3B--D). None of the 12 mutan t  embryos, 

alive at the t ime of cesarean section, started to breathe 
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Figure 3. Anatomical findings in PDGF B mutant embryos. (A} The typical external features of a dead E18.5 mutant embryo. Note 
the hemorrhagic and edematous appearance. The possibility exists that this particular phenotype reflects a mixture of primary 
(attributable to PDGF B deficiency) and secondary (postmortal) changes. {B) External appearance of a live mutant El9 embryo. Note 
the localized subcutaneous purpura (arrows). (C-H) Findings in El9 PDGF B mutant (m) and control (c) embryos alive at the time of 
cesarean delivery, killed by decapitation, and dissected under the microscope. {C) Localized bleeding (arrows) under the skin and in the 
brown fat of a mutant El9 embryo. (D) Corresponding appearance of a normal El9 embryo. (E) Abdominal organs of an E19 control (c) 
and a mutant {m) embryo. Note the hemorrhages in the liver and the dilated mesenteric blood vessels (arrows). (F) Thoracic and 
abdominal organs of an El9 control (left) and mutant (right) embryo. The hearts (arrows) were still beating in these decapitated 
embryos, and the photograph was taken at a time point when both the control and the mutant hearts were in the diastolic phase. (G) 
The spotty kidney phenotype of two pairs of El9 mutant (m) kidneys in comparison with two pairs of control (c) kidneys. (H) Urinary 
bladders from two control (c) and two mutant (m) El9 embryos. 

regularly under conditions that allowed 65 of the 71 het- 

erozygous or wild-type littermates to do so. After having 

grasped for air a few times, the mutants  stopped breath- 

ing and died. In summary, it appears that the majority 

(approximately three-fourths) of the PDGF B mutants die 

at birth, whereas approximately one-fourth die 1-2 days 

prior to birth (El 7-18.5). 

Anatomical~pathological findings in PDGF B 

mutant  embryos 

Dissection of PDGF B mutant  and control embryos re- 

vealed several consistent differences. Most of the live 

El9 but, less frequently, younger, mutants  demonstrated 

hemorrhages in subcutanous regions, periscapular brown 

fat and the liver (Fig. 3C, E and Table 1 }. Although hem- 

orrhages in these regions were regularly found in El9 

mutants, none of the sites were obligatory. For example, 

in some cases with extensive skin hemorrhages, the liver 

and brown fat was not affected. 

Mutant  embryos, E17.5 and older, displayed enlarged 

and deformed hearts and dilated thoracic large arteries 

(Fig. 3F), reduced liver volume (Fig. 3E, F), spotty and re- 

duced size kidneys (Fig. 3G), and empty urinary bladders 
(Fig. 3H). In addition, dilated blood vessels were found in 

the mesenterium of most mutants (Fig. 3E). 

Abnormal glomeruli in PDGF B mutant  embryos 

The "spotty kidney phenotype" was evident in all mu- 

tant embryos, aged E17.5 or older. Histological sections 

demonstrated that these red spots reflected abnormally 

developed glomeruli. The capillary tuft of the normal 

mature glomerulus was missing and, instead, the Bow- 

man's capsule space contained one or several capillary 

aneurysm-like structures filled with blood {Fig. 4) This 

malformation was very distinct and affected all "ma- 

ture" glomerular bodies seen in the inner part of the 

cortex. The total number of glomerular bodies in the 

mutant  kidneys was, however, similar to that of hetero- 

zygous and wild-type kidneys. 

Using electron microscopy (Fig. 5), the aneurysm-like 

structures were demonstrated to be delimited by base- 

ment membranes, with morphologically distinctive 

podocytes on its outer surface (facing the Bowman's 

space} and endothelial cells lining its inside. In the glo- 

merular tufts of wild-type or heterozygous animals, me- 

sangial cells were abundant between the capillary loops 

[Fig. 5A). Mesangial ceils, however, could not be identi- 

fied by electron microscopy in glomerular bodies of mu- 

tant embryos (Fig. 5B) and were therefore either absent or 

severely reduced in number. 

We have not been able to reveal any consistent mor- 

phological abnormalities of the early immature glomer- 

uli in the PDGF B mutant  kidneys. The "comma" and 

S-shaped immature glomeruli were always indistin- 

guishable in appearance and number between mutant  

and control animals (Fig. 4A, B). In a proportion of later 

stage glomerular vesicules, however, the central core of 

mesenchymal cells, possibly representing mesangial pro- 

genitors, was absent and replaced by a blood-filled cavity 

(cf. Fig. 4, C and D). 

1878 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


PDGF B k n o c k o u t  mice  

Figure 4. The kidney glomerulus pheno- 
type. Development of glomeruli in hetero- 
zygous (A, C,E) and mutant {B,D,F) kidneys 
from E18.5 embryos. (A,B) S-shaped imma- 
ture glomerular bodies from the outer kid- 
ney cortex. {C,D) Developing glomeruli 
from the middle part of the cortex. Note 
the absence of cells in the central part of 
the developing mutant glomerular tuft. 
(E,F) Mature glomerular bodies from the 
inner part of the cortex. In the mutant 
structure, the glomerular tuft is replaced 
by a capillary aneurysm. 

Heart and blood vessel dilation in PDGF B 

mutant  embryos 

Histological examination of the thoracic region of 

E16.5-E19 embryos revealed that the heart enlargement 

seen anatomically reflected dilation affecting both ven- 

tricles (Fig. 6). The aorta was dilated too and had a cross 

section area approximately twice the normal size (Fig. 6). 

The aortic muscular wall was extended and conse- 

quently thinner, but the number of smooth muscle cell 

layers appeared to be normal; thus, there were no signs of 

hypoplasia or hypotrophy. General stainings for elastic 

membranes (elastin van Gieson and aldehyde fuchsin) 

and collagens (sirius red) have not revealed any signifi- 

cant differences in the content or distribution of these 

extracellular matrix components in the aortic walls of 

the mutant versus control embryos (data not shown). 

Heart and blood vessel dilation was even more pro- 

nounced in the proportion of the PDGF B mutant em- 

bryos dying at E17-E18.5, in which extreme dilation of 

all chambers of the heart and of the thoracic aorta was 

seen (Fig. 7A-F). Also in these individuals, the arterial 

wall contained the normal number of smooth muscle 

cell layers. Apart from being dilated, the hearts of this 

group of mutant embryos showed regions of the right 

ventricle that were hypertrabeculated and abnormally 

thin-walled. Areas were found in which the ventricular 

lumen and the pericardial space were separated by a sin- 

gle cell layer (Fig. 7C). In the left ventricle, subpericardial 

blood vessels were found to be dilated and congested (Fig. 

7D), indicating, together with the overall signals of blood 

vessel stasis and the generalized subcutaneous edema, 

severe heart failure. 

Anemia with erythroblastosis and thrombocytopenia 

in PDGF B mutant  embryos 

A noticeable increase in nucleated erythrocytes was seen 

in tissue sections from PDGF B mutant embryos. To 

reveal details concerning the hematological profile in 

PDGF B mutant and control embryos, blood was col- 

lected from decapitated El9 embryos and subjected to a 

series of routine analyses. The results, summarized in 

Table 2, are consistent with macrocytic anemia with 

erythroblastosis and thrombocytopenia. The number of 
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Figure 5. The kidney glomerulus phenotype. Electron microscopic examination of PDGF B heterozygous {A,C) and mutant (B,D) 
glomerular structures. Note the presence of mesangial cells (MC) and mesangial matrix (MM) in the normal glomerulus (A) and their 
absence in the mutant glomerular structure (B) The basement membrane (BM) between podocytes (PC) and endothelial cells (EC) is 
similar in its appearance in the two structures. (A,B) Magnification, 600 x; (C,D) 400x. (E) Erythrocytes; (P) podocytic foot processes. 

erythroblasts calculated per 100 leukocytes was in- 

creased significantly in PDGF B mutants, and anemia 

was demonstrated by means of reduced hemoglobin val- 

ues and hematocrits. The mean erythrocyte corpuscular 

volume was increased by -20%.  Thrombocyte counts 

were reduced to - 1 5 %  in PDGF B mutants  compared 
with heterozygous and wild-type embryos (Table 2). No 

significant differences were found between mutants and 

controls regarding the frequency of granulocytes, lym- 

phocytes, and monocytes in differential counts (data not 
shown). 

Discussion 

The glomerulus phenotype of PDGF B mutants 
involves failure of mesangial cells 

Mesangial cells in the glomerulus are known to respond 

mitogenically to PDGF (Shultz et al. 1988; Silver et al. 
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Figure 6. Heart and blood vessel dilation 
in PDGF B mutants. Appearance of the 
heart in E17.5 PDGF B mutant (A,C,E) and 
heterozygous (B,D,F) embryos. Sections 
were chosen to illustrate the appearance of 
the heart at the level of the aortic valve 
(AV) (A,B) pulmonary artery valve (PV) 
(C,D), and mitral (MV) and tricusp (TV) 
valves {E,F) Note the dilated heart ventri- 
cles (V) and the dilated aorta (A) in the mu- 
tant embryo. 

1989; Floege et al. 1991). The responses to the different 
PDGF isoforms vary, with PDGF BB and AB being far 

more mitogenic than PDGF AA (Floege et al. 1991; 

Madri and Marx 1992). PDGF-induced mitogenesis of 

mesangial cells therefore appears to occur via PDGFR[3. 

This receptor subtype dominates on mesangial cells 

from several mammalian species (Fellstr6m et al. 1989; 

Floege et al. 1991; Iida et al. 1991; Madri and Marx 1992; 

Alpers et al. 1993). Besides being mitogenic, PDGF also 
stimulates several other functions of mesangial cells, in- 

cluding directed migration (Barnes and Hevey 1990), the 

production of extracellular matrix components (Doi et 

al. 1992), contraction (Mene et al. 1987), and the produc- 
tion of cytokines (Lovett and Larsen 1988) and pros- 

taglandins (Floege et al. 1990). Our results are consistent 
with the failure of the development of a glomerular mes- 

angium in the kidneys of PDGF B mutant  embryos. Such 

a failure may reside at the level of mesangial (or mesan- 

gial progenitor) cell migration, proliferation, function, 

survival, or combinations thereof. Some hints are pro- 
vided by the expression patterns of PDGF B and PDGFR[3 
in vivo in the fetal (Alpers et al. 1992) and the adult 

(Alpers et al. 1993) human kidneys. During glomerulo- 

genesis, PDGF B expression is localized to the differen- 
tiating epithelium of the glomerular vesicle (the corre- 

sponding stage of glomerulus development in PDGF B 

heterozygous and mutant  embryos is shown in Fig. 4, D 

and E, respectively) and PDGFRI3 to interstitial and vas- 

cular structures (Alpers et al. 1992). At this stage, PDGF 
B may act as a paracrine factor, recruiting mesangial pro- 

genitor cells into the developing glomerulus. The rela- 

tive lack of mesenchymal cells in the core of some of the 

glomerular vesicles in the PDGF B mutant  embryos (Fig. 
4E) supports this concept. As the glomerular tuft forms, 

PDGF B expression switches from the epithelial to the 

mesangial cells, which at this stage also start expressing 
PDGFR[3 (Alpers et al. 1992). Here, and as the tuft in- 

creases in size, PDGF B may have an autocrine action 

promoting further mesangial cell proliferation. 

In spite of the virtual absence of mesangial cells in the 
PDGF B mutant  kidney, electron microscopy revealed a 

morphologically normal basement membrane delineat- 

ing the distended capillary loops of the mutant  glomer- 
ular bodies (Fig. 5). This basement membrane is lined on 
its outer surface by podocytes with morphologically dis- 

tinct pedicles and on its inner surface b y  endothelial 
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Figure 7. Heart and blood vessel dilation 
in PDGF B mutants. Appearance of the 
heart and the aorta in a PDGF B mutant 
embryo at E18.5. (A) Section showing the 
grossly dilated ventricles (V) and right 
atrium (AT). Note also the dilated aorta (A). 
(B) Sections showing the hypertrabeculated 
ventricular wall. Note that the trabecular 
crypts of the right ventricle extend to the 
myopericardium (P), creating a minimal 
wall thickness of one or a few cell layers {C). 
(D) Subpericardial congested capillaries of 
the left ventricular wall. (E,F) Appearance of 
the aortic wall. Note the dramatically elon- 
gated smooth muscle cells (SMC). 

cells. Therefore, the structural features of the PDGF B 

mutant glomerular capillary wall do not seem to differ 

qualitatively from those of the normal glomerular capil- 

lary wall. Rather, the major discrepancy between normal 

and mutant glomeruli is that of their complexity; 

whereas the normal glomerular tuft consists of a detailed 

capillary network, the mutant counterpart contains no 

more than one or a few (dilated) capillary loops. An im- 

mediate structural consequence would be a greatly re- 

duced glomerular filtration area. The notion that El9 

mutant urinary bladders contain less urine than control 

bladders indicates that the mutant kidneys are function- 

ally compromised. 

Previous studies have suggested that the glomerular 

basement membrane has a dual cellular origin; the 

podocytes and the endothelial cells both contribute to its 

synthesis (Akblom 1981; Sariola et al. 1984). Basement 

membrane material is also produced by mesangial cells, 

but it is not known whether it will be incorporated in the 

glomerular basement membrane or solely contribute to 

the mesangial matrix. Because the mesangial matrix is 

focally attached to the glomerular basement membrane, 

it has been suggested that the mesangial cells are instru- 

mental for the formation of the folded appearance of the 

basement membrane (Kriz and Kaissling 1992). The re- 

sults presented in this and the accompanying paper (So- 

riano, this issue) clearly support these assumptions, but 

moreover, demonstrate that a morphologically normal 

glomerular basement membrane can be formed in the 

absence of mesangial cells. 

Arterial dilation suggests failure of smooth muscle 

cell function 

The arterial wall represents a structure in which physi- 

ological functions of PDGF B-containing molecules have 

been implicated from in vitro and in vivo studies. Aortic 

smooth muscle cells were among the first to be identi- 

fied as targets for PDGF (Ross et al. 1974), responding in 

vitro with migration, mitogenesis, and function (e.g., ex- 

tracellular matrix production) (for review, see Raines and 

Ross 1993). If PDGF B was involved in the regulation of 

smooth muscle cell proliferation during vasculogenesis, 

we would have expected a vascular wall phenotype to 

include hypoplasia of smooth muscle cells. This is ap- 

parently not the case (Fig. 6) and suggests that the rate- 

limiting effect of PDGF B on the vascular wall involves 

modulation of cellular functions rather than migration 
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T a b l e  2. Mean values and range of hematological parameters for El9 embryos of different genotype 

PDGF B 

+/+ + / -  / 

(n = 12) (n = 33) (n = 3) 
n = 3 2 *  n = 8 

Hemoglobin(grams/liter) 119 (80-150) 112 (65-135) 58 (40-75) 
104 t78-139)* 47 (24-741 

Erythrocytes (x 1012/liter) 3.6 {2.5--4.8) 3.4 (1.9-4.3) 1.4 (1.1-1.8) 
Hematocrit (%) 43 (31-55) 41 (24-49) 22 (16-28) 

42 (28--51)* 23 (15-28) 
Mean corpuscular volume (fl) 117 (106-127) 125 (114-135) 151 (138-159) 

Erythroblasts (/100 leukocytes) 31 (5-89) 49 (3-328) 209 (36-573) 
Platelets(xl09/liter) 443 (270-570) 403 (205-6101 57 (37-90) 
White blood cells 1.5 (1.0-2.0) 1.7 (0.9-4.4) 4.2 (2.8-6.0) 

Values presented in boldface type were obtained by manual analysis of one series of El9 embryos. In this series, wild-type and 
heterozygous embryos were not discriminated and their values have been added (*). The remaining values were obtained by analysis 
of a second series of El9 embryos with a Technicon H1 instrument. 

or growth. General staining for elastin and collagen have 

not revealed any differences between control and mutant  

animals (results not shown). An intriguing possibility, 

therefore, is that the failing function relates to smooth 

muscle cell contraction. PDGF has been shown to be a 
powerful vasoconstrictor (Berk et al. 1986), and it is pos- 

sible that during the development of some arteries, a 

certain degree of vasoconstriction is crucial for the 

achievement of a proper final vessel shape. 

The PDGF B mutant  heart phenotype is similar 

in patch and WT-1 null allele homozygotes 

Low levels of PDGF B mRNA expression in the heart 

(Barrett and Benditt 1987) consistent with weak and dif- 

fuse staining with PDGF B antibodies (Raines and Ross 

1993) have been reported. Likewise, heart tissue has 

demonstrated detectable expression of PDGFR~ and 
PDGFRot (Raines and Ross 1993). However, knowledge 

concerning the functional significance of this expression 

is lacking. Although the heart dilation is detectable in 

PDGF B mutant  embryos as early as E16.5, the first in- 

trauterine deaths occur at E 17.5-E 18.5, coinciding with 
severe cardiac dilation, generalized blood vessel dilation, 

and edema. This correlates in time with the normally 

occurring morphological differentiation of the heart 

muscle, seen mainly as increased trabeculation (Kauf- 
man 1992), which has been interpreted as a preparation 

for the changed hemodynamic conditions after birth. In- 

terestingly, dilation of the heart and its proximal arteries 

has been reported also in mouse embryos homozygous 
for the patch mutation; however, more severe and at an 

earlier time point (E 10-E 12) compared with the situation 

in the PDGF B mutants, patch is a deletion including the 

gene encoding PDGFRcx and consequently, patch ho- 

mozygotes are PDGFRc~-negative (Grfineberg and Trus- 
love 1960; Morrison-Graham et al. 1992). The accompa- 

nying paper on the phenotype of the PDGFRJ3-deficient 

mouse (Soriano, this issue) reveals features closely sim- 

ilar to the ones described here. Hearts, however, appear 

normal in PDGFRl3-negative embryos. The heart dila- 

tion of the PDGF B-negative embryos may therefore re- 

flect a partial failure of PDGFRot-dependent signaling, 
that is, that normally induced by PDGF BB and/or AB. 

Early prenatal heart dilation has also been described in 

embryos homozygous for a disrupted Wilm's tumor sup- 

pressor gene (WT-1) (Kreidberg et al. 1993). The WT-1 

protein has been shown to interact with the PDGF A 

promoter region, acting as a transcriptional repressor 

(Gashler et al. 1992; Wang et al. 1992). It needs to be 
studied further whether decreased PDGF activity (as a 

result of PDGF ligand or receptor deficiency) or putative 

increases in PDGF activity (as a potential result of defi- 

ciency of negative regulators of PDGF, such as WT-1), 

localized to the heart, may adversely affect cardiac func- 
tion with the net result of cardiac dilation and failure. 

Why do the PDGF B mutants  bleed? 

It is likely that the death of the majority (approximately 

three-fourths) of the PDGF B mutant  embryos, which 

occurs just prior to birth, is related to the hemorrhages 
that appear at this time. In principle, the hematological 

picture may reflect primary changes in erythropoiesis 
and/or thrombopoiesis or it may be secondary to bleed- 
ing. In the latter scenario, the erythroblastosis would be 

secondary to the anemia and would reflect a compensa- 

tory increase in erythropoiesis and/or recruitment of 

erythroblasts from the spleen. However, preliminary re- 
sults indicate that anemia and thrombocytopenia both 

occur in mutants already at E17.5, before any obvious 

signs of bleeding, but become more pronounced at El9 in 

correlation with the extent of bleeding (data not shown). 
Diffuse (and therefore difficult to detect) bleeding may 
occur at earlier stages and therefore, at present, we can- 
not discriminate between the different possibilities re- 
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garding the etiology of the hematological  changes seen in 

the mutan t  embryos. 

The pronounced bleeding seen at El9 may  relate to 

pr imary deficiencies in blood clotting, platelet number /  

function, or vascular wall  function/integri ty.  Prelimi- 

nary tests suggest that the blood clotting t ime does not 

differ substant ial ly between PDGF B mutants  and con- 

trols (data not shown). The platelet numbers  observed in 

some El9 embryos wi th  apparent hemorrhages would 

not - -a l though they are significantly reduced--be ex- 

pected to cause bleeding in adult h u m a n  beings; how- 

ever, mice normal ly  have higher platelet counts than 

humans,  and the requirement  for platelets in mouse em- 

bryos at the t ime of birth is unclear. Moreover, at 

present, we cannot exclude that the PDGF B mutant  

plates are funct ional ly deficient. The idea of a primary 

blood vessel defect in PDGF B (this study) and PDGFRf~ 

(Soriano, this issue) mutants  would find support from 

the notion that normally,  many  vessel wall  cells express 

PDGF B or PDGFRB For example, capillary endothelial 

cells from certain tissues coexpress this l igand-receptor 

pair (Smits et al. 1989; Holmgren et al. 1991), and hence, 

may  be dependent on their autocrine interaction for 

growth, migration, or function. A primary vascular wall  

deficiency may  abrogate clotting functions or may lead 

to vessel rupture. It is intriguing that the bleeding in 

mutan t  embryos generally develops just prior to birth. 

Irrespective of the underlying primary defect, the trigger- 

ing event may  therefore by the increase in embryonic 

blood pressure expected to occur at this time. 

PDGF signaling in vivo 

The phenotype of the PDGF B-negative mouse embryos 

should reflect functions that are specific to the PDGF 

B-containing dimers (PDGF BB and PDGF AB) and/or  

overlapping functions wi th  other proteins (e.g., PDGF A) 

for which  PDGF B is rate l imi t ing  (Fig. 8). Insight into 

such putative overlaps may  be gained by comparing the 

individual knockout  phenotypes for PDGF B, PDGF A, 

PDGFRB, and PDGFRc~ and combinat ions thereof. The 

analysis of mice having the PDGF A gene disrupted is 

under way in our laboratory. The phenotype of PDGFR[3- 

PDGFA PDGFB 

Figure 8. PDGF ligand receptor cross-reactivity. Schematic il- 
lustration of the overlap in receptor cross-reactivity between 

PDGF A and B. A putative similar functional overlap in vivo 
would implicate partial functional redundancy. 

deficient mice, presented in the accompanying paper (So- 

riano, this issue) includes kidney and hematological  ab- 

normali t ies  that seem similar, if not identical, to those 

described here. It appears likely, therefore, that the de- 

velopment  of the glomerular mesangium involves PDGF 

BB signaling through PDGFR~ dimers. In other organs 

(e.g., the heart), there may  be differences, implying that 

other signaling pathways, such as PDGF BB or AB sig- 

naling through PDGFRa, are of functional  importance in 

vivo. 

M a t e r i a l s  a n d  m e t h o d s  

Construction of a PDGF B targeting vector 

A PDGF B clone was isolated from a 129SV mouse genomic 
library (obtained from Stratagene) created in k FIX II. It was 
characterized and shown to contain the entire structural part of 
the PDGF B gene (data not shown). The targeting construct was 
built using standard recombinant DNA technology by joining 
three restriction fragments, as illustrated in Figure 1: a 5' ho- 
mologous segment, a phosphoglycerokinase (PGK)-neo cassette 
(obtained from Dr. J.K. Heath, Oxford, UK), and a 3' homologous 
segment. The design permitted the construct to be excised from 
the pBluescript vector using restriction sites naturally present 
in the gene. Thus, the homology of the 5' and 3' regions ex- 
tended to the ends of the linearized targeting construct. 

Production of PDGF B mutant mice 

The targeting construct was excised from the vector with Hin- 

dIII and XhoI and electroporated into El4.1 ES cells (provided by 
Dr. K. Rajewsky, Cologne, Germany) using a Bio-Rad Gene 
Pulser at the settings 240V/500 ~F in serum-free Dulbecco 
modified Eagle's medium (DMEM) supplemented with glucose, 
pyruvate, and nonessential amino acids (l:100); (medium and 
supplement stocks from GIBCO). The DNA concentration and 
ES cell density at electroporation was 60 ~g/ml and 2x107 
cells/ml, respectively. Electroporated cells were spread at a den- 
sity of 2 x l0 s cells/cm 2 onto a confluent layer of G418-resistant 
primary embryonic fibroblasts prepared from interleukin-4--neo 
transgenic mice (obtained from K. Rajewsky) and cultured in 
DMEM containing 15% fetal calf serum, 0.1 m_M of ~-mercap- 
toethanol and 1000 U/ml of leukemia inhibitory factor (LIF) 
(ESGRO). Selection in G418 (GIBCO, 200 ~g/ml) was started 1 
day after electroporation and lasted for 10-13 days, at which 
point G418-resistant colonies could be identified and isolated. 
Such colonies were picked and expanded in 24-well plates and 
analyzed by Southern blotting. A replica of each clone was fro- 
zen prior to DNA preparation. PDGF B + / -  clones identified 
by Southern blotting were thawed and expanded during 5-7 
days before microinjection. Blastocytes were harvested from 
C57B1 females at 3.5 days postcoitus and used for microinjec- 
tion the same day. Pseudopregnant C57B1/CBA F~ females (2.5 
day} were implanted with 10-12 injected blastocysts (10-15 ES 
cells/blastocyst). Chimeras were identified by the fur coat ap- 
pearance of chinchilla and agouti in a background of black. Male 
chimeras were mated to C57B1 females, and tail biopsies from 
agouti 129SV/C57B1 hybrid offspring were screened by South- 
ern blot analysis to identify PDGF B + / - genotypes. Such mice 
were then intercrossed to produce homozygous offspring carry- 
ing a mixed 129SV/C57B1 genetic background. 

DNA analysis 

DNA was prepared from adult biopsies and embryonic tissues by 
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homogenization in 2 ml of ice-cold buffer containing 50 mM 
Tris, 100 mM NaC1, and 100 mM EDTA (pH 8.0) using a Poly- 
trone homogenizer, followed by the addition of 100 p.1 of 20% 
SDS and 80 p.1 of 10 mg/ml proteinase K. Homogenates were 
then incubated overnight at 56~ followed by phenol/chloro- 

form extraction and ethanol precipitation. Preparation of DNA 
from ES cells was performed by the addition of 0.5 ml of lysis 
buffer (10 mM Tris, 1 mM EDTA, 100 mM NaC1, 1% SDS, 500 

p.g/ml of proteinase K) to each culture (Falcon 24-well dishes) 
after removal of the culture medium and incubation at 37~ 

overnight. Phenol/chloroform extraction, precipitation of 
DNA, and Southern blotting onto Hybond N + membranes (Am- 
ersham) were performed using standard methods (Sambrook et 

al. 1989). A 1-kb genomic EcoRI-HindIII fragment, complemen- 

tary to a region of the PDGF B locus immediately flanking the 
5' homologous fragment of the targeting construct (Fig. 1B), was 
used as a probe to screen for homologous recombinants. In the 
recombinant allele, a new EcoRI site directed from the PGK-neo 
cassette defines the 3' end of the 10-kb recombinant EcoRI frag- 
ment. The deletion of exon 4 in the targeted PDGF B allele was 
confirmed by hybridization to a probe complementary to and 
specific for mouse PDGF B exon 4 sequences. This probe was 
created by annealing the two oligonucleotides, 5'-GGG TCC 

CTG GCA GCA GCA GAG CCT GCT GTA ATC GCC GAG 
TGC AAG ACG CGC ACA GAG GTG TTC CAG ATC TCG 
CGG AAC CTC and 5'-GCG GTT ATT GCA GCA GCC GGA 

GCA GCG GTG CAC CTC CAC ACA GGG CGG CCA CAC 
CAG GAA GTT GGC GTT GGT GCG ATC GAT GAG GTT 
CCG C, and synthesizing the complementary strands in the 
presence of [32p]dCTP, unlabeled dATP, dTTP, and dGTP and 
the Klenow fragment of DNA polymerase I. The resulting dou- 
ble-stranded DNA was denatured by boiling and used for sub- 
sequent hybridizations at high stringency. 

Histological analysis 

Embryos were processed for routine histology by fixation in 
buffered formalin followed by paraffin embedding and section- 
ing. Sections were stained with Ehrlich's hematoxylin and 

eosin, periodic acid-Schiff, elastin van Gieson, aldehyde fuch- 
sin, and sirius red according to standard protocols (Smith and 
Bruton 1978). For electron microscopy, kidney specimens were 
fixed overnight at 4~ in 3% glutaraldehyde in 0.1 M cacodylate 

buffer (pH 7.2) and postfixed at room temperature in 1% os- 
mium tetroxide in 0.1 M cacodylate buffer. After fixation, the 
specimen were rinsed in buffer, "en block" stained with 1% 
uranyl acetate in 50% ethanol overnight, dehydrated in graded 
series of ethanol, and finally embedded in agar 100 epoxy resin. 
Semithin sections (1 ~m) were stained with touluidine blue for 
light microscopy, and ultrathin sections (60 nm) were con- 

trasted with lead citrate and examined using a Philips electron 

microscope. 

Hematology 

Peripheral blood cell counts and hemoglobin determinations 
were analyzed manually or by use of a Technicon H1 instru- 

ment. For the latter, 30 p.1 of blood was collected following 
decapitation of the embryos and added into microtiter EDTA 
tubes {Becton Dickinson) containing 120 ~1 of phosphate-buff- 
ered saline. Differential counting of 100-200 nucleated cells 
was performed on May-Grfinwald-Giemsa-stained blood films. 
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