Short Communication

American Journal of Pathology, Vol. 162, No. 3, March 2003
Copyright © American Society for Investigative Pathology

Transcription Profiling of Platelet-Derived Growth
Factor-B-Deficient Mouse Embryos ldentifies RGS5
as a Novel Marker for Pericytes and Vascular

Smooth Muscle Cells

Cecilia Bondjers,* Mattias Kalén,"

Mats Hellstrom," Stefan J. Scheidl,*
Alexandra Abramsson,* Oliver Renner,*

Per Lindahl,* Hyeseon Cho,® John Kehrl,® and
Christer Betsholtz*

From the Department of Medical Biochemistry,* The Sablgrenska
Academy at Goteborg University, Géteborg, Sweden;
AngioGenetics AB," Géteborg, Sweden; the Department of
Experimental Therapeutics,* Centro Nacional de Investigaciones
Oncologicas, Madrid, Spain; and the B-Cell Molecular
Immunology Section,’S Laboratory of Immunoregulation, National
Institute of Allergy and Infectious Diseases, National Institutes of
Health, Bethesda, Maryland

All blood capillaries consist of endothelial tubes sur-
rounded by mural cells referred to as pericytes. The
origin, recruitment, and function of the pericytes is
poorly understood, but the importance of these cells
is underscored by the severe cardiovascular defects in
mice genetically devoid of factors regulating pericyte
recruitment to embryonic vessels, and by the associ-
ation between pericyte loss and microangiopathy in
diabetes mellitus. A general problem in the study of
pericytes is the shortage of markers for these cells. To
identify new markers for pericytes, we have taken
advantage of the platelet-derived growth factor
(PDGF)-B knockout mouse model, in which develop-
ing blood vessels in the central nervous system are
almost completely devoid of pericytes. Using cDNA
microarrays, we analyzed the gene expression in
PDGF-B null embryos in comparison with corre-
sponding wild-type embryos and searched for down-
regulated genes. The most down-regulated gene
present on our microarray was RGS5, a member of
the RGS family of GTPase-activating proteins for G
proteins. In situ hybridization identified RGS5 ex-
pression in brain pericytes, and in pericytes and vas-
cular smooth muscle cells in certain other, but not

all, locations. Absence of RGS5 expression in PDGF-B
and PDGFRB-null embryos correlated with pericyte
loss in these mice. Residual RGS5 expression in rare
pericytes suggested that RGS5 is a pericyte marker
expressed independently of PDGF-B/Rf signaling.
With RGS5 as a proof-of-principle, our data demon-
strate the usefulness of microarray analysis of mouse
models for abnormal pericyte development in the
identification of new pericyte-specific markers. (Am

J Pathol 2003, 162:721-729)

Pericytes are associated with the abluminal wall of mi-
crovessels, ie, arterioles, venules, and capillaries. They
can be distinguished from other perivascular cell types
by their location within the microvascular basement mem-
brane. Pericytes, such as vascular smooth muscle cells
(VSMCs; the mural cells of larger vessel), are mesenchy-
mal cells of presumed mesodermal or neuroectodermal
origin.”? The absence, reduced numbers, or altered mi-
gration of pericytes in certain knockout mouse mutants
have shed light on mechanisms involved in their recruit-
ment to endothelial tubes, and on the function of mural
cells during embryonic development. Null mutants for
transforming growth factor-8, endoglin, activin receptor-
like kinase-1 (Alk-1), and SMAD5 all appear to fail to
recruit mural coats to their vessels and die around mid-
gestation from cardiovascular defects, together implicat-
ing transforming growth factor-g signaling in early VSMC/
pericyte formation.®>~® Null mutants for platelet-derived
growth factor (PDGF)-B/PDGF receptor-g (PDGFRp) fail
to recruit proper numbers of pericytes in conjunction with
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angiogenic sprouting in many organs, leading to perina-
tal death from rupturing microaneurysms and edema.”°
Because PDGF-B is expressed by sprouting capillary
endothelial cells and PDGFRB by developing pericytes,
paracrine PDGF-B/RB signaling appears to control peri-
cyte proliferation and migration during developmental
angiogenesis.'®

Pericytes express markers in common with VSMCs,
such as a-smooth muscle actin (a-SMA), desmin, and
PDGFRB, which together with the ultrastructural appear-
ance of pericytes suggest that they belong to the VSMC
lineage. However, the structural and biochemical diver-
sity of pericytes® and the suggested existence of other
perivascular pericyte-like mesenchymal cells' and of
perivascular cells with macrophage-like properties'
make pericytes hard to define. Pericytes have also been
proposed to have the capacity to trans-differentiate into
fibroblast-like cells,’ osteoblasts, chondrocytes, and
adipocytes,'! adding to the confusion regarding the ori-
gin, identity, and potency of these cells.

Based on their distribution and expression of contrac-
tile proteins, pericytes have been assumed to participate
in hemodynamic regulation. Pericytes may also regulate
transport across the capillary wall and capillary perme-
ability.” During angiogenesis, contact between pericytes
and endothelial cells has been suggested to stabilize
vessels, promote endothelial survival, and inhibit endo-
thelial cell proliferation.’*~'” These ideas are primarily
based on the view that pericyte recruitment lags behind
endothelial sprouting, and that a window of pericyte ab-
sence allows vascular plasticity resulting in growth, sur-
vival, remodeling, or regression of the endothelium de-
pending on the presence or absence of growth factors
such as vascular endothelial growth factor (VEGF). How-
ever, it has also been proposed that pericytes may have
a direct role in the sprouting process by migrating ahead
of the endothelium and expressing VEGF. This function
may be of particular importance in corpus luteum angio-
genesis.'® Despite these numerous suggested roles and
potencies of pericytes, our understanding of these cells
remains limited.

Little is known about the gene expression profile of
pericytes, and clearly, the lack of specific markers for
pericytes constitutes an obstacle in studies of these cells.
The small number and scattered distribution of pericytes,
and their propensity to change properties on in vitro cul-
ture, calls for new approaches to map their gene expres-
sion in vivo and search for novel specific markers of these
cells. In the present study, we have taken advantage of
the fact that the brain microvessels of PDGF-B- and
PDGFRB-deficient mice have severely reduced numbers
of pericytes. We used cDNA microarrays to compare the
gene expression in the heads of PDGF-B- or PDGFRB-
deficient mouse embryos with littermate controls and
looked for genes with down-regulated expression in the
mutants. The most down-regulated gene present on our
arrays was RGS5 (regulator of G-protein signaling 5), a
protein implicated in heterotrimeric G-protein signaling.
In situ hybridization confirmed that RGS5 is a marker for
brain pericytes in mouse embryos, but also revealed its

expression in other but not all populations of embryonic
pericytes and SMCs.

Materials and Methods

Animals

Mice carrying a targeted disruption of the PDGF-B or
PDGFRB genes were bred as hybrids of C57BL6 and
129SV.7® The morning of the vaginal plug was counted
as EO.5.

Microarray
Chip Design

Microarray chips were printed with 1350 randomly
chosen mouse sequence-verified expressed sequence
tags from the IMAGE consortium (purchased from Invitro-
gen Ltd., Renfrewshire, Scotland), 5 yeast clones, and
100 selected control genes. After amplification with poly-
merase chain reaction, the clones were purified and re-
suspended in 3X standard saline citrate (SSC) and 0.2%
sarcosyl and printed with GMS 417 spotter (Affymetrix,
Santa Clara, CA) on y-amino propyl silane-coated CMT-
Gap slides (Corning Int., London, UK). Postprocessing of
the glasses was performed as described.'®

RNA Recovery and Labeling

Total RNA from head was extracted from PDGFB—/—,
PDGFB+/—, and PDGFB+/+ mice using Qiagen RNeasy
kits (VWR International AB, Stockholm, Sweden) and
quantified with UV-spectrophotometric analysis. Total
RNA (100 ng) was primed with 2 ug of oligo-dT primer
and labeled in a reverse-transcription reaction with Cy3-
dUTP or Cy5-dUTP (Amersham AB, Uppsala, Sweden)
according to standard protocols (http://cmgm.stanford.
edu/pbrown). The differentially labeled targets were com-
bined, mixed with 1 ul of 10 ug/ul yeast tRNA and 1 ul of
10 pg/ul polyA RNA, vacuum-dried, and resuspended in
20 wl of DIGeasy hybridization buffer (Roche Diagnostics
GmbH, Mannheim, Germany). The hybridization mix was
placed at 100°C for 2 minutes and 37°C for 30 minutes
before being added to the chip.

Microarray Hybridization and Scanning

Hybridization was performed in a 40°C waterbath for
12 to 18 hours under lifter coverslips (Histolab, Géteborg,
Sweden) in Arraylt hybridization cassettes (TeleChem
International Inc., Sunnyvale, CA). After hybridization, the
slides were washed in 2 SSC and 0.1% sodium dodecyl
sulfate at room temperature for 5 minutes, 1Xx SSC for 5
minutes and finally 0.1X SSC for 5 minutes. The slides
were scanned with ScanArray 3000 confocal microarray
scanner (Packard Bioscience, Meriden, CT) at laser in-
tensity and photomultiplier tube settings, giving the best
dynamic range for each chip in respective channel.



Data Preparation

Image segmentation and spot quantification was per-
formed with the ImaGene software (Biodiscovery, Marina
Del Rey, CA). After median local background subtraction,
the log-transformed ratios were normalized for signal in-
tensity variation in a nonlinear intensity-dependent way
using the loess function in the S-Plus software (MathSoft
Inc., Surrey, UK) as described elsewhere.'®2° The hy-
bridizations were repeated five times (two of them with
dye swap). Genes were classified as down-regulated
using two criteria: the normalized ratio was more than
twofold in at least four of the five repetitions and the gene
showed down-regulation in all five of five repetitions. After
this filtering, mean expression values were calculated
using the data from all five repetitions.

Immunohistochemistry

The following antibodies were used: biotin-conjugated
isolectin B4 from Bandeiraea simplicifolia (L-2140, Sigma,
St. Louis, MO) for staining of endothelial cells, anti-NG2
chondroitin sulfate proteoglycan (AB5320, Chemicon Int.,
Harrow, U.K.), both after incubation of sections in PBLEC
(phosphate-buffered saline, pH 6.8, 1% Triton X-100, 0.1
mmol/L CaCl,, 0.1 mmol/L MgCl,, 0.1 mmol/L MnCl,) and
anti-PDGFRB (SC432, Santa Cruz Biotechnology, Santa
Cruz, CA) after standard tissue treatment and biotin-
conjugated goat anti-rabbit Ig (E0432, DAKO, A/S,
Copenhagen, Denmark). Antibody binding was detected
with  streptavidin-conjugated horseradish peroxidase
(D0397, DAKO) using standard protocols.

In Situ Hybridization

Nonradioactive in situ hybridization was performed on
14-um-thick sections with digoxigenin-labeled RNA
probes (Boehringer-Mannheim) visualized by alkaline
phosphatase-conjugated antibodies, as described by
Bostréom and colleagues?' with modifications outlined by
Lindahl and colleagues.® An RGS5 expressed sequence
tag was obtained from Incyte Genomics (St. Louis, MO),
subcloned in a pBluescript vector and used to generate
sense and anti-sense digoxigenin-labeled probes ac-
cording to standard protocols. PDGF-B and -RB sense
and anti-sense probes were generated as described.®
No hybridization signal was obtained with any of the
sense probes, which were used as negative controls.
Whole-mount in situ hybridization was performed as de-
scribed?? with the following changes; hindbrains were
treated with proteinase K (10 wg/ml) for 10 minutes. Hy-
bridization buffer contained 50% formamide, 1.3X SSC, 5
mmol/L ethylenediaminetetraacetic acid, 50 ug/ml yeast
RNA, 0.2% Tween-20, 0.8% sodium dodecyl sulfate, and
100 pg/ml heparin. Posthybridization wash was per-
formed in SSC-based buffers. Post-anti-digoxigenin anti-
body wash was done in maleic acid buffered saline con-
taining Tween-20.
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Results

cDNA Microarray Hybridizations Identify RGS5
as a Down-Regulated Gene in PDGF-B-Null
Mutant Mice

PDGF-B knockout embryos die perinatally from wide-
spread microvascular hemorrhage and leakage. Ruptur-
ing microaneurysms become abundant at E17 to E19, so
to limit secondary influences of the hemorrhage on the
gene expression profile, we decided to look for differen-
tially expressed genes at E15.5, before the onset of se-
vere hemorrhaging, but at a time when central nervous
system (CNS) vascularization, including pericyte recruit-
ment, is already quite advanced in wild-type mice. Whole
heads from PDGF-B—/— embryos and littermate +/— and
+/+ controls were used to prepare labeled targets for
cDNA array hybridization. Although the pericyte-deficient
state is most severe in the CNS, and somewhat less
dramatic in other organs,®'° we chose to analyze whole
heads to minimize variation in the tissue sampling for
target labeling. We also wanted to minimize the time
required for tissue preparation to preserve the in vivo
transcription profile. The results of these experiments
showed that out of the 1350 unigene set of expressed
sequence tags (ESTs) present on the chips, 54 ESTs (P
value <0.05) were more than twofold down-regulated
(Table 1) and three ESTs were found to be more than
twofold up-regulated (data not shown) in PDGF-B—/—
heads compared with wild-type or PDGF-B+/— litter-
mates. Several of these ESTs represent markers for eryth-
rocytes or leukocytes (denoted in italics in Table 1). This
is not unexpected because PDGF-B knockout mutants
develop anemia,” most likely secondary to bleeding
caused by the vascular defects.?® Most of the genes on
the list were, however, unexpected. The most down-reg-
ulated gene, encoding a member of the RGS family of
regulators of G protein signaling, RGS5, caught our at-
tention, because this gene has previously been reported
to have a vascular expression pattern.*2°

RGS5 Is Expressed by Developing Pericytes
and VSMCs

Combined RGS5 in situ hybridization and staining for
brain capillary endothelium by isolectin B4 on E12.5
mouse hindbrain whole-mounts (Figure 1, A and B) and
E14.5 forebrain sections (Figure 1, C and D) revealed that
RGS5 was expressed by cells in association with brain
microvessels. At high magnification it was evident that
RGS5 was not expressed in the endothelial cells. Instead
it was expressed in cells associated with the abluminal
side of the endothelium. The distribution of these cells is
typical for pericytes, which are expected to cover part of
the abluminal endothelial surface (Figure 1, B and D,
arrows) while leaving part of it free (Figure 1, B and D,
arrowheads). We next compared the RGS5-expression
with expression patterns of other known markers for peri-
cytes. The most common used markers, a-SMA and
desmin, are not appreciably expressed in mouse embry-
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Table 1. Genes Down-Regulated More Than Two-Fold in PDGFB™/~ Mouse Embryos in Comparison with Control Littermates

e-Value with -fold
Gene Hit in Celera database Celera hit Image ID  Unigene ID  (log,) P value
Regulator of G-protein signaling, RGS5 439412 Mm.20954 6.87 0.000
Hemoglobin beta, pseudogene bh3 3183981  Mm.2329 5.91 0.044
Cytochrome C oxidase, subunit Vlila 481408  Mm.14022 5.21 0.026
EST Hemoglobin 7 1-chain 1x 1071 419003 4.02 0.041
Hemoglobin alpha, adult chain 1 316082  Mm.16820 3.97 0.030
Tumor-associated mucin 1 482312  Mm.16193 3.74 0.019
Antigen identified by monoclonal antibody 391081  Mm.8649 3.37 0.006
MRC OX-2
Lymphocyte antigen 6 complex (LY-6) 534886 Mm.15889 2.63 0.002
Proliferating cell nuclear antigen 390311 Mm.7141 2.12 0.018
EST aCrystallin B-chain 2x 107% 424655 2.05 0.003
EST 571955 2.02 0.002
EST Syntaxin 3A 4x 10794 445430 1.92 0.005
EST Chymotrypsin B 6 x 1078 407693 1.91 0.021
Ribosomal protein L30 616239  Mm.3487 1.89 0.021
Mlyeloblastosis oncogene (c-myb) 618475  Mm.1202 1.85 0.008
B-cell leukemia/lymphoma 3 (bcl-3) 597868  Mm.1068 1.84 0.000
EST GTPase-activating protein RAS 8 x 1077 354360 1.79 0.001
EST 60S Ribosomal protein L38 1x 107138 483411 167  0.038
Erythroid a-spectrin, Spnal 538325 Mm.2528 1.61 0.002
EST Cyclin-dependent kinases regulatory subunit 1x 107191 424470 157  0.023
Milk fat globule-EGF factor 8 protein, 478473  Mm.1451 1.56 0.002
Mfge8
EST Similar to Flightless | (Drosophila) 1-10772 390479 1.53 0.005
Tight junction protein 1 (ZO1), Tipl 579645 Mm.4342 1.62 0.008
EST Similar to Kallikrein (Human) 9x 1078 329597 1.49 0.000
Nuclear, factor, erythroid derived 2, like 2 635541  Mm.1025 1.46 0.001
(NF-E2)
B2 microglobulin 596438  Mm.163 1.44 0.029
Transcription factor GIF (TIEG) 597716  Mm.4292 1.44 0.030
EST Tryptophanyl-tRNA synthetase 0.0 478820 1.43 0.001
EST Serine/threonine kinase 11 2 x 10781 437421 142 0018
Mini chromosome maintenance deficient 4 586181 Mm.1500 1.41 0.022
homolog (S. cerevisiae)
Hemoglobin X, a-like embryonic chain in Hba 604555  Mm.545 1.41 0.049
complex
Creatine kinase, muscle 608246  Mm.2375 1.34 0.008
OPA-containing protein 1 mRNA 368355 Mm.20873 1.32 0.013
Immunoglobulin J chain precursor 619073  Mm.1192 1.31 0.001
TA-9 ATP synthase B chain homolog 573942  Mm.30112 1.29 0.003
mRNA
Heparan sulfate proteoglycan 1, cell 535688 Mm.29350 1.29 0.011
surface-ass. (fibroglycan, syndecan-2)
EST Polyadenylate-binding protein 1X 10713 476649 Mm.12267 1.28  0.004
Gasb growth arrest specific protein 605306 Mm.884 1.27 0.022
EST NADH dehydrogenase (ubiquinone) 1 « 7 X 10" 608660 Mm.29867 1.27 0.022
subcomplex 2
EST Similar to filamin C y (actin binding protein- 1 x 10764 426427  Mm.34355 1.25 0.029
280-human)
EST Endothelial differentiation, lysophosphatidic 2x107%° 574735  NMm.4772 1.22 0.011
acid G-protein-coupled receptor 2, Edg2
Type VI collagen « 3 subunit 574605 Mm.7562 1.17 0.038
EST Malonyl-CoA decarboxylase, Mlycd 1x 10738 318951  Mm.20260 117 0.021
Rho-associated, coiled-coil forming protein 598406 Mm.6710 1.16 0.011
kinase p160 ROCK-1
EST Signal recognition particle 19kD protein 0.0 493659  Mm.29452 1.15 0.036
ELAV-like 1 (Hu antigen R) 634761 Mm.21766 1.09 0.013
Nuclear factor of kappa light chain gene 575105  Mm.3420 1.09 0.019
enhancer in B-cells 1, p105 (NF-«B)
ATP-binding cassette 1 579422  Mm.369 1.07 0.039
EST Peroxiredoxin 5, Prdx5 5x 10788 514837 1.05  0.022
EST B2 adrenergic receptor 1x 107187 573046 Mm.5598 1.04  0.011
EST AMP deaminase 2 AMPD2 related 1x 1079 332415 1.04  0.022
EST Microtubule-associated protein 4, Mtap4 1Xx 10719 538121 1.03  0.024
ASMA 2491 1.01 0.028
EST 26S protease regulatory subunit 7 3x 10729 389926  Mm.2462 1.01 0.002

Clones that encode previously known endothelial, smooth muscle, and basement membrane markers are in bold. Markers for erythrocytes or
leukocytes are denoted in italics.
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Figure 1. RGS5 expression in brain pericytes. Whole mount #n situ hybridization of flat-mounted wild-type hindbrain (ventricular view of vascular plexus in
subventricular zone; ml, midline) at E12.5 (A and B) and i situ hybridization on sections from wild-type embryos at E14.5 (C and D) shows RGS5 expression
(arrows) in tight association with microvessels in the brain. Double staining with isolectin B4 (arrowheads), which labels endothelial cells, indicates that RGS5

is expressed by pericytes and not in endothelial cells.

onic brain before E16.5."° We therefore compared the
RGS5 expression pattern with those of PDGFRB and the
NG2 chondroitin sulfate proteoglycan. In the brain and
around larger blood vessels at most locations in the
embryo, the expression patterns of RGS5, PDGFRB, and
NG2 were primarily overlapping (Figure 2; A to F). RGS5
and PDGFRg transcripts and NG2 immunoreactivity were
detected in cells corresponding to pericytes surrounding
capillaries (Figure 2; A to C, arrows), VSMCs around
arteries and arterioles (Figure 2; D to F, and data not
shown), and in kidney mesangial cells (Figure 2; G to I),
whereas veins showed limited or no detectable levels of
expression (Figure 2; D to F). This confirms and extends
previous analyses of PDGFRB®'© and NG22° expression.

RGS5 Expression in Lung and Gut Is
Associated with Visceral Rather than Vascular
SMCs

Whereas the expression patterns of RGS5, PDGFRB, and
NG2 overlapped at many sites, they differed in the de-
veloping lung and gut. Lung pericytes have previously
been demonstrated to be PDGFRB-positive'® and we
confirmed that a scattered population of PDGFRB-posi-

tive cells was present in the lung mesenchyme in regions
harboring ongoing angiogenesis (Figure 2K, asterisk).
PDGFRB was also expressed in VSMCs around develop-
ing lung arteries (Figure 2K, arrow) and a similar pattern
was seen by staining with NG2 (Figure 2L). In addition,
NG2 expression was seen surrounding developing bron-
chial branches (Figure 2L, arrowhead). The lung RGS5
expression pattern was different from that of PDGFRp,
but overlapping with that of NG2; no scattered RGS5-
positive cells were seen at the presumed location of
developing microvessels (Figure 2J, asterisk). Some
weakly RGS5-positive cells were found in association
with lung arterial branches (Figure 2J, arrow), but the
dominant RGS5 expression pattern corresponded to
mesenchymal cells surrounding developing proximal air-
ways, probably corresponding to developing bronchial
SMCs (Figure 2J, arrowhead). In the gut, PDGFRB and
NG2 both seemed to be expressed by mesenchymal
cells immediately subjacent to the epithelium, at a loca-
tion where angiogenesis is known to be active (Figure 2,
N and O, arrows). The location of these cells also sug-
gests that they may be progenitors of the later developing
muscularis mucosae and villus SMCs. NG2, but not
PDGFRB-expression, was also seen further out in the
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and vein

PDGFRp NG2

Figure 2. Comparison of RGS5, PDGFRf, and NG2 expression in E14.5 mouse embryos. In the brain, RGS5 (A) is expressed in cells in the capillary wall and this
mimics the pattern of PDGFRB (B) and NG2 (C) expression. Similar expression of the three markers was also seen in larger arteries (D-F) and in mesangial cells
in the kidney (G-D. In the lung and gut, the expression patterns of RGS5 and PDGFRB and NG2 are not completely overlapping. In the lung, PDGFRB- and
NG2-positive cells can be found scattered in the mesenchyme at areas corresponding to ongoing angiogenesis (K and L, asterisk), whereas RGS5-positive cells
are mainly found around developing airways, in cells that are also positive for NG2 expression (J and L, arrowheads). All three markers are expressed in VSMCs
surrounding the developing lung arterial branches (J-L, arrows). In the gut, PDGFRB- and NG2-positive cells are found in mesenchymal cells immediately
subjacent to the epithelium (N and O, arrows), whereas RGS5 is expressed by cells located more peripherally in the gut wall at the expected site of the developing
SMC layers (M, arrowhead). NG2 is also expressed by these developing SMC layers (O, arrowheads). a, artery; v, vein; p, podocytes; e, endothelial layer; M,

mesangial core.

intestinal wall in the developing external muscle layers
(Figure 20, arrowheads) and in the SMCs of larger intes-
tinal blood vessels. RGS5, on the other hand, was not
expressed at detectable levels in the inner mesenchymal
layer (Figure 2M, arrow). Instead, its expression was
more peripheral, and seemed to occur in cells located

within the developing external muscle layers (Figure 2M,
arrowhead). Thus, in endodermally derived organs such
as lung and gut, RGS5 expression appears to locate to
visceral rather than vascular smooth muscle, and over-
laps with the expression of NG2, but not PDGFRp, at this
site.



RGS5 Expression in PDGF-B and PDGFR3
Knockout Tissues

Although the expression of RGS5, PDGFRB, and NG2
was highly similar in brain pericytes it was difficult, using
currently available protocols, to provide convincing evi-
dence of their co-expression in the same cells using
double labeling. As an alternative approach, we therefore
compared RGS5, PDGFRB, and NG2 expression in
mouse embryos lacking PDGF-B. Genetic deficiency of
PDGF-B or PDGFRp leads to loss of most pericytes in the
developing CNS."%?7 |n the case of PDGF-B—/— mice,
this is reflected by a dramatic reduction in the density of
PDGFRB-positive cells® (Figure 3, C and D). Similarly,
both RGS5- and NG2-positive cells were dramatically
reduced in number in PDGF-B—/— brain tissue in com-
parison with PDGF+/— brain (Figure 3, A and B and E
and F). This does not reflect a major change in vascular
density, as shown by isolectin staining (Figure 3, G and
H). The reduction of RGS5-positive cells in PDGF-B—/—
mutants was not complete; a small proportion of residual
cells expressing the marker remained in brain (example
shown in Figure 3H, arrow), as well as in larger arteries
(Figure 3J, arrow). This is in agreement with a small
number (<5%) of remaining pericytes in PDGF-B—/—
mutants detected by electron microscopy® and by the
XlacZ4 marker®® and NG2 immunohistochemistry (A
Abramsson et al, unpublished observations). Thus, RGS5
reproduced the pattern of expression of PDGFRB and
NG2 in both wild-type and PDGF-B—/— mutant CNS,
arguing strongly that the same population of CNS peri-
cytes expresses all three markers.

Recently, a novel PDGFRB agonist was identified and
named PDGF-D.?9-*° Because the developmental pattern
of expression of this factor has not yet been determined,
we wanted to exclude the possibility that the residual
RGS5- and NG2-expressing cells seen in PDGF-B-null
embryos reflected PDGF-D-dependent signaling via
PDGFRB. We therefore determined the RGS5 and NG2
expression patterns in PDGFRB—/— embryos. Also these
mutants showed a major loss of RGS5- and NG2-positive
cells, however as in PDGF-B—/— embryos, a small num-
ber of residual pericytes positive for both markers were
found (data not shown).

Discussion

We demonstrate here that cDNA microarray hybridization
analysis of PDGF-B mutant mouse embryos provides a
method to identify genes with their expression restricted
to pericytes and VSMCs. Given the small number of
genes present on our array (=3% of the total number of
mouse genes) and the fact that a complex tissue was
used as RNA source in which pericytes/VSMCs represent
less than 5% of the cells, this result is encouraging. The
use of purified capillary fragments from PDGF-B mutants
as an RNA source should significantly increase the sen-
sitivity of the method, and hence allow for the identifica-
tion of pericyte-specific RNA species that are less abun-
dantly expressed than RGS5. Arrays containing a
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Figure 3. RGS5, PDGFRpB, and NG2 expression in PDGF-B—/— embryos.
The developing CNS of E14.5 PDGFB—/— embryos exhibits loss of RGS5-
positive cells in comparison with PDGF-B+/— embryos (B). This loss cor-
relates with the expression pattern of PDGFRB and NG2 seen in PDGFB—/—
(D and F) mice, confirming the pericyte-specific expression of RGS5 in the
brain. A small number of RGS5-positive pericytes appear to persist in PDGF-
B—/— embryonic brain (a single blue spot is seen in B), which would be in
agreement with previous studies demonstrating some residual pericytes in
PDGF-B—/— brain.”!* To confirm that the rare spots of RGS5 staining
corresponded to pericytes, double labeling for RGS5 and endothelial cells
was performed. These stainings showed that the residual RGS5-positive cells
had pericytic location in the capillary wall (H, arrow). Using this method,
the reduction in number, but not complete absence, of RGS5-positive VSMC
was also observed in developing arteries (compare I and J; a residual
RGS5-positive VSMC in the PDGF-B—/— artery is indicated by an arrow).

broader coverage of the mouse genome are now also
available, allowing for the screening of genes represent-
ing ~50% of the mouse genome. We should also be able
to screen for pericyte markers at a genome-wide level by
using dedicated chips generated from microvascular li-
braries.

We establish that RGS5 is a novel marker for pericytes
and VSMCs in most organs, although in endodermally
derived organs (lung and gut), visceral rather than vas-
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cular SMCs are labeled. RGS5 is an interesting example
of such a marker, because it is involved in the regulation
of intracellular signaling. RGS5 is a member of a family of
more than 25 proteins that negatively regulate G-protein
coupled receptor signaling by acting as GTPase-activat-
ing proteins for Ga subunits, thereby limiting the time
during which the Ga subunit remains GTP-bound and
active.®' RGS5 acts as a GTPase-activating protein for
Gia and Gga and attenuates signaling induced by an-
giotensin Il, endothelin-1, sphingosin-1-phosphate, and
PDGF in cultured cells.323® Whether these or other path-
ways are regulated by RGS5 in pericytes in vivo remains
to be established.

Mouse RGS5 was originally identified in pituitary, heart,
and skeletal muscle®* and expression of the human
counterpart has been demonstrated at high abundance
in heart, lung, skeletal muscle, and small intestine, and at
lower levels in brain, placenta, liver colon, and leuko-
cytes.®® RGS5 has also been identified by microarray
analysis of genes expressed in the media of human aorta
but not vena cava, suggesting specific arterial expres-
sion.?* In a search for genes differentially expressed in a
genetic rat model for stroke, Kirsch and colleagues®
found RGS5 to be down-regulated, and they localized
RGS5 expression in the rat CNS to capillary endothelium
and the plexus choroideus.

Our results, and also an expression analysis by Cho
and co-workers,®® demonstrate that RGS5 is selectively
expressed in pericytes and in VSMCs surrounding devel-
oping arteries. It is likely that the brain endothelial RGS5
expression reported by Kirsch and colleagues®® also
represents pericytic expression, as pericytes are abun-
dant on brain capillaries, and tightly associated with the
endothelial cells. Our double-labeling experiments ex-
clude RGS5 expression at detectable levels in mouse
embryonic brain endothelial cells. Pericytes are more
difficult to define than endothelial cells because of fewer
available markers. This is particularly problematic in em-
bryos, in which most pericytes lack detectable expres-
sion of the regular pericyte/VNSMC markers a-SMA and
desmin. However, both NG2 and PDGFRp label embry-
onic brain pericytes and we found that their expression
was similar to that of RGS5. Additional support for a
pericytic expression of RGS5 came from the analysis of
mouse mutants that are specifically depleted in peri-
cytes. In both PDGF-B and PDGFRB null mice, the
changed RGS5 expression pattern perfectly matched the
known sites of pericyte deficiency, whereas RGS5 ex-
pression remained at sites where pericytes or VSMCs
persist. These results also argue that RGS5 expression is
not directly controlled by PDGF-B/PDGFRpB signaling.
This conclusion is also consistent with in vitro data, show-
ing that RGS5 expression is only marginally influenced by
exposure of cultured VSMCs to PDGF.2®

In summary, using microarray analysis of a pericyte-
deficient mouse mutant, a knockout of PDGF-B, we have
identified a new marker for developing pericytes and
VSMCs. As such, RGS5 will provide a valuable comple-
ment to existing markers, in particular because it is ex-
pressed in pericytes in early embryos, in which the clas-
sical pericyte and SMC markers, such as a-SMA and

desmin, are not expressed at detectable levels. We an-
ticipate a functional role of RGS5 in pericytes and VSMCs
but this remains a speculation until appropriate functional
analyses, eg, gene knockouts, are available. Our exper-
iment demonstrates the power of applying microarray
analysis to well-characterized mouse mutant tissues as
an approach to identify novel markers for cells and sig-
naling pathways. We expect that further refinement of the
approach used here, eg, by using enriched microvascu-
lar preparations and gene arrays with broader coverage
will prove useful in the search for additional molecules
with pericyte-specific expression.
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