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Platelet-derived growth factor (PDGF)-B-deficient mouse embryos were found to lack
microvascular pericytes, which normally form part of the capillary wall, and they devel-
oped numerous capillary microaneurysms that ruptured at late gestation. Endothelial
cells of the sprouting capillaries in the mutant mice appeared to be unable to attract
PDGF-Rp-positive pericyte progenitor cells. Pericytes may contribute to the mechanical
stability of the capillary wall. Comparisons made between PDGF null mouse phenotypes
suggest a general role for PDGFs in the development of myofibroblasts.

Platelet-derived growth factor-B, a high-
affinity ligand for the receptor tyrosine ki-
nases PDGF-Ra and -B, promotes prolifer-
ation and migration of mesenchymal cells
in vitro (1-3). Disruption of the PDGF-B or
PDGEF-Rp genes in mice leads to the devel-
opment of lethal hemorrhage and edema in
late embryogenesis and absence of kidney
glomerular mesangial cells (4, 5). Mesangial
cells are related to microvascular pericytes
(6), which are contractile cells similar to
smooth muscle cells that encircle microves-
sels in many different tissues (7). Pericytes
express PDGF receptors and respond to
PDGF in vitro (8, 9). We here identify
deficient pericyte development as the un-
derlying cause of hemorrhage in PDGF-B
mutants.

Pericytes have been identified morpho-
logically in the embryonic rat brain (10).
We analyzed the effect of PDGF-B defi-
ciency on pericyte formation in the devel-
oping mouse brain (I11). We chose the
latest time point, embryonic day (E) 16.5,
at which most PDGF-B—deficient (PDGF-
B —/—) embryos (12) remained alive and
without signs of hemorrhaging. Capillaries
in brains were scored for the presence or
absence of pericytic cell bodies and cyto-
plasmic processes. The datafrom these anal-
yses are presented in Table 1. Notably,
40/213 sectioned PDGF-B +/+ or +/—
capillaries showed associated pericytes sec-
tioned through the nucleus, whereas the
corresponding number for PDGF-B —/—
capillaries was 0/173. When capillaries
with associated cytoplasmic processes
(pericytic or endothelial) were included,
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the numbers were 175/213 for PDGF-B
+/+ or +/— and 7/173 for PDGF-B —/—
capillaries. Naked endothelial tubes were
scored in 13/213 cases in PDGF-B +/+ or
+/—, and in 153/173 cases in PDGF-B
—/— capillaries. Representative examples
from the electron microscopy (EM) studies
are shown in Fig. 1.

Through gestational days E12.5 to
E16.5, PDGF-B was expressed in the endo-
thelium of many capillaries and small arter-
ies and in liver megakaryocytes at E14.5 and
later (13) [Fig. 2A and (14)]. There was no
detectable expression of PDGF-B in venous
endothelium, in the endocardium, or in

Table 1. Quantitation of pericyte elements in as-
sociation with microvessels in E16.5 mouse
brains. Microvessels with whole lumina that were
encountered in EM sections were counted and
classified into the following categories: (a) naked
endothelial tubes; (b) pericyte processes present
(figures might represent an overestimation be-
cause abluminal folds and overlappings of endo-
thelial cells could be misinterpreted as pericyte
processes); (c} microvessels with pericytes sec-
tioned through the nucleus; (d) lumina are part of a
clear sprout (because of the presence of a highly
convoluted microvessel cell surface in sprouts,
the classification into endothelial or pericytic ele-
ments is difficult and was avoided); and (g) not
possible to classify in other categories, for exam-
ple, because of oblique sectioning. The total num-
ber of PDGF-B —/— microvessels analyzed was
173. The total number of PDGF-B +/+ or +/—
microvessels analyzed was 213.

Microvessel category

Embryos

(genotype) a b [¢] d e
1(=/-) 50 6 0 4 0
2(=/-) 47 0 0 4 1
3(=/-) 46 1 0 2 2
Sum 153 7 0o 10 3
4 (+/+ or +/-) 2 42 1 5 0
5(+/+ or +/-) 2 35 14 4 5
6 (+/+ or +/-) 4 21 6 2 0
7(+/+ or +/-) 5 37 9 7 2
Sum 13 135 40 18 7

aortic endothelium (14). PDGF-RB mRNA
was expressed in developing vascular walls.
Larger arteries, but not veins, were sur-
rounded by several layers of PDGF-RB-
positive mesenchymal cells, smaller arteries
by single layers, and capillaries by a non-
continuous layer of PDGF-RB—positive
cells (Figs. 2, B, C,E, G, and I, and 3, A to
F). The location and distribution of the
latter cells was typical of pericytes (Figs. 2B
and 3, A to D). PDGF-RB—positive cells
were also abundant in capillary plexa (for
example, the perineural plexus, in develop-
ing endocrine organs, and in plexus choroi-
deus) [Fig. 2, C and I} and (14)]. PDGF-Ra
was expressed at various sites in the mesen-
chyme at E12.5-16.5, without specific asso-
ciation with developing blood vessels (14).
These embryonic expression patterns of
PDGE-B and PDGF-R imply the existence

of paracrine signaling, involving this li-

—/— mice. Electron micrograph mount of repre-
sentative cross-sectioned capillaries that illustrate
consistent differences in the deep brain cortex
from (A) PDGF-B +/+ and (B} —/— E16.5 embry-
0s. The P label in (A) is on the pericyte nucleus,
which is surrounded by a thin rim of cytoplasm.
The arrows in (A) point to the border between the
pericyte cytoplasm and the endothelial cell (E la-
bel) cytoplasm. The arrowheads in (A) point to
pericyte processes (pericytic cytoplasm embed-
ded in the endothelial cell basement membrane).
The endothelial cell nucleus is not visible. Note the
dilation of the PDGF-B —/— capillary in (B} (typical
in the mutant) compared with the PDGF-B +/+
capillary in (A). Ery, erythrocyte. Bar = 2.5 um.
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gand-receptor pair, from vascular endothe-
lium to vascular wall progenitors.
PDGE-RB expression was altered in
some but not all tissues of PDGF-B —/—
embryos. At E14.5-17.5, PDGF-RB—posi-

tive pericytes normally found in wild-type
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embryos were absent from PDGF-B —/—
brain, heart, lung, and brown adipose tissue
(Fig. 2, Cto F) (14). The PDGF-Rp expres-
sion at other sites (in arterial walls and in
vascular plexa) seemed unaffected. In wild-

type E12.5 embryos, PDGF-RB was mainly

expressed in developing arterial walls, but
a few scattered PDGF-RB-positive cells
were also associated with neighboring mi-
crovessels and appeared to have migrated
to these sites from the arterial wall loca-
tion (Fig. 2G). In PDGF-B —/— EI2.5
embryos, PDGF-RB was expressed in arte-
rial walls, but no scattered PDGF-RB-
positive cells were found surrounding mi-
crovessels (Fig. 2H). Similarly, PDGF-
RB-positive cells, which normally migrate
into the brain together with capillaries
growing in from the perineural vascular
plexus (Fig. 21), were absent from E12.5

Fig. 2. PDGF-B and PDGF-RB expression pat-
terns. Nonradioactive in situ hybridization of
PDGF-B +/+ (A, B, C, E, G, and |) and PDGF-B
—/— (D, F, H, and J) sections. (A) PDGF-B expres-
sion in the brain and perineural plexus of an E14.5
embryo. PDGF-B is expressed in capillaries (ar-
rows) and in larger blood vessels of the perineural
plexus (arrowheads). P, perineural plexus. (B)
PDGF-RB expression in the E14.5 brain. A longi-
tudinally sectioned erythrocyte-containing capil-
lary is shown (arrows) as are several cross-sec-
tioned capillaries (arrowheads). More than 95% of
the PDGF-Rp-positive cells were seen in close
proximity to capillaries. Note the difference be-
tween the capillary endothelial staining for
PDGF-B shown in (A) compared with the pericap-
illary, pericytic staining for PDGF-RB seen in (B).
(C and D) A comparison between the PDGF-RB
expression patterns in the brain of PDGF-B +/+
(C) and PDGF-B —/— (D) E14.5 embryos. Peri-
capillary staining for PDGF-RB is completely ab-
sent in the PDGF-B —/— brain, whereas PDGF-
RB staining in the perineural plexus (P) is seen in
both genotypes. The presence of capillaries is in-
dicated in the PDGF-B —/— brain (arrowheads).
(E and F) A comparison between the PDGF-R
expression patterns in the heart of PDGF-B +/+
(E) and PDGF-B —/— (F) E14.5 embryos. Note the
complete absence of pericapillary PDGF-RB
staining in the PDGF-B —/— heart. PDGF-RB-
positive cells surrounding a small artery in the di-
aphragm (D) are shown (arrowhead). The thin and
hypertrabecuiated myocardium (M) in the
PDGF-B —/— section is a hallmark of the pheno-
type of these mice (4). (G to J) Spreading of
PDGF-RB-positive cells in response to PDGF-B at
E12.5. (G) and (H) show the internal carotid artery
and surrounding mesenchyme in PDGF-B +/+
(G) and PDGF-B —/— (H) embryos. Inthe PDGF-B
+/+ tissue, PDGF-RB-positive cells are situated
in the developing arteric wall and as a scattered
population of cells in close contact with surround-
ing microvessels. In the PDGF-B —/— tissue, the
scattered population of PDGF-Rp-positive cells is
specifically lost, whereas arterial wall expression
remains. (f) and (J) show the perineural plexus and
a capillary extending from the plexus vasculature
(PV) into the developing brain in a PDGF-B +/+ ()
and a PDGF-B —/— (J) E12.5 embryo. Note the
presence of PDGF-RB—positive cells in the plexus
of both embryos, but the specific absence of
PDGF-Rp—positive cells in contact with the in-
growing capillary in the PDGF-B —/— embryo (ar-
rowheads). Bars = 40 um.
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PDGF-B —/— embryos (Fig. 2]).

Many tissues in PDGF-B —/— embryos
at late gestation have dilated microvessels
(14). To study the capillary morphology in
more detail, we crossed mice carrying one
copy of the PDGF-B null allele with mice
carrying a lacZ reporter gene driven by the
TIE1 promoter (tie®*) (15). From subse-

Fig. 3. High-magnification view of
PDGF-RB expression at small
blood vessels. Nonradioactive in
situ hybridization was done on
E14.5 PDGF-B +/+ embryos. (A)
Brain microvessel; (B) skin mi-
crovessel; (C) capillary in myocardi-
um; (D) capillary in skeletal muscle;
(E) small artery in the lung; (F) inter-
costal artery and vein. Note that
PDGF-RB-positive cells in (A) to (D)
(arrows) have a pericytic location,
that is, they are situated outside
PDGF-RB-negative endothelial
cells (arrowheads). In contrast to
our conclusions on the pericytic ex-
pression of PDGF-RB, previous re-
ports have suggested that develop-
ing capillary endothelial cells ex-
press PDGF-RB (35). This idea was
based on radioactive in situ hybrid-
ization, which does not allow for the
discrimination between capillary
endothelial versus pericytic expres-
sion of PDGF-RB. A, artery; V, vein;
e, erythrocyte; bar = 20 um.

Fig. 4. Capillary morphology
and expression of tie? in
PDGF +/+ (A, C,and E) and
—/— (B, D, and F) embryos.
(A and B) Brain stem sec-
tions (50 wm thick) from
PDGF-B +/+ (A) and —/—
(B) E18.5 embryos. tie’®
staining occurs in blood ves-
sels in the perineural plexus
and in brain capillaries. Note
the tortuous appearance of
the capillaries in the PDGF-B
—/— brain and the abun-
dance of focal dilations (mi-
croaneurysms). Bar = 160
wm, and applies to (B). (C
and D) Higher magnifications
of brain stem capillaries. The
capillaries in PDGF-B +/+
tissue were invariably straight
and had a uniform diameter.
In contrast, the PDGF-B
—/— capillaries (D) showed
the occurrence of numerous
microaneurysms  (arrows).
Bar = 40 um, and applies to
(D). (E and F) Temporal lobe

quent intercrosses tie heterozygous embry-
os being either PDGF-B +/+, +/—, or —/—
were selected at time points before the on-
set of hemorrhaging. Horizontal or frontal
brain sections (50 pm thick) were stained
for lacZ expression (16) to highlight the
architecture of capillaries (Fig. 4). Whereas
PDGF-B +/+ or +/— capillaries were

sections (50 wm thick) from E17.5 PDGF-B +/+ (E) and —/— (F) embryos. Up-regulated tie'? expression
is seen in PDGF-B —/— capillaries with abnormal morphology in comparison with the normal capillaries in

PDGF-B +/+ tissue. Some small-diameter capillaries in the PDGF-B —/— tissue also show low tie'?

expression. The perineural plexus (P) staining is uniformly strong in both PDGF-B +/+ and —/— embryos.
Note the abundance of microaneurysms in the PDGF-B —/— tissue (arrowheads). The development of the
tie'e stain was for 24 hours in (A) to (D) and for 3 hours in (E) and (F). Bar = 160 um, and applies to (F).
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straight and had a uniform diameter (~5
pm), PDGF-B —/— capillaries were tortu-
ous, variable in diameter, and had numer-
ous microaneurysms from 25 to 100 pm in
diameter. Cylindrical dilations that occured
over longer stretches were also seen. Some
of the dilations appeared to reflect focal
distensions in the capillary wall. However,
increased endothelial cellularity was evi-
dent at many dilated sites, by both light
microscopy and transmission electron mi-
croscopy, suggesting that the microaneu-
rysm formation included a component of
endothelial cell proliferation.

The tie’* stainings revealed up-regulated
TIEl expression in PDGF-B —/— brain
capillary endothelium compared with that
in PDGF-B +/+ and +/— embryos (Fig. 4).
TIE1 up-regulation was also seen in capil-
laries in the PDGF-B —/— lung, heart, and
adipose tissue, that is, at sites where peri-
cyte loss was noticed (14). At other loca-
tions such as in small arterial endothelium
and in capillary plexa, TIE] expression was
indistinguishable in PDGF-B —/—, +/—,
and +/+ embryos [Fig. 4 and (14)].

Qur data show that pericytes depend on
PDGE-B for their development. PDGF-RB
is expressed in developing pericytes. With-
out PDGEF-B, pericytes fail to develop in
capillaries formed through angiogenesis.
Pericytes originate from progenitors in arte-
rial walls and vascular plexa and migrate
along capillary sprouts that express PDGF-
B. Thus, PDGF-B stimulates PDGF-RB-
positive vascular wall progenitors, which
may result in both migration and prolifera-
tion. It is less likely that pericytes develop
in situ by PDGF-B-mediated induction of
progenitor cells because we found no de-
tectable expression of PDGF-RB or -Ra in
the brain of PDGF-B —/— embryos before
E14.5. We would rather propose the exis-
tence of another endothelium-derived “in-
ducing” factor or factors, the action of
which leads to PDGF-RB up-regulation in
mesenchymal cells surrounding arteries and
plexus vasculature. Candidate mediators of
such induction may include tissue factor
(TF) because TF-deficient mouse embryos
fail to develop vascular wall cells in
vitelline blood vessels (17). Recent work
also suggests that angiopoietin-1-TIE2 re-
ceptor signaling may be involved in the
recruitment or differentiation (or both) of
vascular smooth muscle cells (18-23). Be-
cause angiopoietin-1 is expressed by
perivascular mesenchymal cells (18), and
TIEZ by endothelial cells (24), their inter-
action may lead to endothelial release of
the inducing factor or factors. Angiopoi-
etin-1 or TIE2 null mice fail to develop
smooth muscle cells surrounding large ves-
sels and die at E9.5-12.5 (19, 22, 23). At
this time PDGF-RB-positive vascular wall
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cells form normally around arteries in
PDGEF-B —/-— embryos (Fig. 2, G and H),
and at E18.5 PDGE-B —/— embryos show a
normal abundance of arterial smooth mus-
cle cells (4).

The function of pericytes in vivo has
been unclear, although their distribution has
suggested they may support capillary struc-
ture (7). Pericytes may also regulate endo-
thelial cell function. Studies of angiogenesis
in vivo in response to wounding have sug-
gested that pericyte appearance in the
wound area correlates with inhibition of en-
dothelial cell proliferation (25, 26). Peri-
cytes and smooth muscle cells also inhibit
endothelial cell proliferation and migration
in vitro (27, 28). The development of ab-
normal capillaries in pericyte-deficient
PDGEF-B —/— embryos shows that pericytes
regulate microvessel structure. In PDGF-B
—/— embryos, microaneurysms, hemorrhag-
es, and edema occur perinatally, when blood
pressure increases. In addition, the spatial
correlation between TIE1 up-regulation and
pericyte loss seen in the PDGFE-B —/— em-
bryos, and the increased cellularity in many
microaneurysms, imply that pericytes regu-
late gene expression and hence the differen-
tiated functions of capillary endothelial cells.
TIE1 is an endothelial cell receptor tyrosine
kinase involved in blood vessel formation
during embryogenesis (15, 23) and possibly
also in the adult (29). Its up-regulation may
relate to the increased proliferation of endo-
thelial cells in the microaneurysms.

The morphology of the microaneurysms
formed in PDGF-B —/— embryos is similar
to those in the retinal microvessels of dia-
betic individuals (30). Here also dilations
‘were both spherical and cylindrical, fre-
quently showed increased endothelial cellu-
larity, and correlated with the loss of capil-
lary mural cells (pericytes) (30, 31). The
pericyte-like kidney mesangial cells have
been implicated in renal glomerulosclerosis,
another aspect of diabetic vascular disease.
The loss of mesangial cells in PDGE-B —/—
and PDGF-RB —/— embryos (4, 5) seems
to occur by a mechanism similar to that of
the pericyte loss: failure of recruitment of
PDGE-RB—positive progenitors into the de-
veloping glumerular tuft (32). In glomeru-
losclerosis, increased deposition of extracel-
lular matrix leads to a thickening of the
glomerular basement membrane and in-
creased deposition of mesangial matrix
(33). In view of the similar ontogeny of
pericytes and mesangial cells, it is intriguing
that both appear to be involved in the
pathogenesis of late complications in diabe-
tes mellitus. Thus, common pathogenic
mechanisms may underly pericyte and mes-
angial cell reaction in the pathogenesis of
this disease.

Because pericytes (this study) and mes-
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angial cells (4) are absent in PDGF-B —/—
mice, and alveolar myofibroblasts are ab-
sent in PDGF-A —/— mice (34), PDGFs
may be of general importance in the ontog-
eny of different types of myofibroblasts.
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