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Glomeruloid bodies are a defining histological feature
of glioblastoma multiforme and some other tumors
and vascular malformations. Little is known about
their pathogenesis. We injected a nonreplicating ad-
enoviral vector engineered to express vascular per-
meability factor/vascular endothelial growth factor-
164 (VPF/VEGF164) into the ears of athymic mice. This
vector infected local cells that strongly expressed
VPF/VEGF164 mRNA for 10 to 14 days, after which
expression gradually declined. Locally expressed
VPF/VEGF164 induced an early increase in microvas-
cular permeability, leading within 24 hours to edema
and deposition of extravascular fibrin; in addition,
many pre-existing microvessels enlarged to form
thin-walled, pericyte-poor, “mother” vessels. Glo-
meruloid body precursors were first detected at 3
days as focal accumulations of rapidly proliferating
cells in the endothelial lining of mother vessels, im-
mediately adjacent to cells expressing VPF/VEGF164.
Initially, glomeruloid bodies were comprised of en-
dothelial cells but subsequently pericytes and macro-
phages also participated. As they enlarged by endo-
thelial cell and pericyte proliferation, glomeruloid
bodies severely compromised mother vessel lumens
and blood flow. Subsequently, as VPF/VEGF164 ex-
pression declined, glomeruloid bodies devolved
throughout a period of weeks by apoptosis and reor-
ganization into normal-appearing microvessels.
These results provide the first animal model for in-
ducing glomeruloid bodies and indicate that VPF/
VEGF164 is sufficient for their induction and neces-
sary for their maintenance. (Am J Pathol 2001,
158:1145–1160)

Glomeruloid bodies (GBs) are structures that form in a
number of different types of tumors and malformations
and are so named because of their resemblance to renal
glomeruli.1 They are of two general types depending on
whether they are primarily epithelial or vascular in na-
ture.1,2 Vascular GBs, the subject of this report, are one of
the defining histological characteristics of glioblastoma
multiforme brain tumors2,3 and are found, although less
commonly, in gastrointestinal carcinomas4 and thymo-
mas;5 they have also been described in cutaneous vas-
cular tumors and malformations.6,7 Vascular GBs have
not been well characterized and their pathogenesis is
primarily unknown.

To elucidate the steps and mechanisms of pathologi-
cal and physiological angiogenesis, we recently engi-
neered adenoviral vectors to express angiogenic cyto-
kines and have used these as vehicles for expressing
these cytokines in mice and rats.1 Because of its promi-
nent role in both angiogenesis and vasculogenesis, we
chose vascular permeability factor/vascular endothelial
growth factor (VPF/VEGF) as the cytokine for initial
study1,8,9 In the course of these studies, we noted that
typical GB formed in intimate association with infected
cells that expressed VPF/VEGF.1 Therefore, this system
provided an excellent animal model for investigating the
pathogenesis of GB formation. The present study was
undertaken to elucidate the origins, composition, and fate
of VPF/VEGF164-induced vascular GBs.
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Materials and Methods

Animals and Adenoviral Vectors

Four- to 6-week-old female athymic nude mice on two
backgrounds were used for these studies with equivalent
results: BALB/c ByJ hfh11nu (Jackson Laboratory, Bar
Harbor, ME) and Nu/Nu (National Cancer Institute, Be-
thesda, MD).

Nonreplicating adenoviral vectors engineered to ex-
press murine VPF/VEGF164 (adeno-vpf/vegf164) or LacZ
(adeno-lacZ) were prepared as previously described un-
der the direction of Dr. Richard C. Mulligan in the Harvard
Institute of Human Genetics.1 In brief, appropriate coding
sequences were inserted into the pMDM transcriptional
cassette consisting of a complete immediate early cyto-
megalovirus promoter and intron- and poly A-containing
sequences derived from the human b-globin gene.10,11

Vectors were purified using a double cesium chloride-
banding procedure. Immediately before injection into
mice, vectors were desalted using Quick Spin, High Ca-
pacity G-50 Sephadex columns (Boehringer Mannheim,
Indianapolis, IN) and diluted in phosphate-buffered sa-
line (PBS) and glycerol.

Vectors were injected intradermally into mouse ears
with a 30-gauge needle. Virus (5 3 107 or 1 3 108 pfu) or

vehicle alone (Hanks’ balanced salt solution) was admin-
istered in a volume of 10 ml. Animals were sacrificed by
CO2 narcosis at different times (0, 4, 18, and 24 hours
and 3, 7, 10, 14, 21, 28, 35, and 90 days). Ears were
either embedded in OCT compound (Miles Diagnostics,
Elkhart, IN) and frozen in liquid nitrogen for preparation of
cryostat sections or were fixed in paraformaldehyde-gl-
utaraldehyde and processed for 1-mm Epon sections12 or
electron microscopy.13 All studies were performed under
protocols approved by the Beth Israel Deaconess Med-
ical Center Institutional Animal Care and Use Committee.

Antibodies and Other Reagents

Primary antibodies and their sources are listed in Table
1.14–31

Secondary antibodies including biotinylated F(ab)2
fragments of rabbit anti-mouse immunoglobulin, biotinyl-
ated F(ab)2 fragments of swine anti-rabbit immunoglob-
ulin, and mouse IgG were purchased from DAKO
(Carpinteria, CA). The Accustain trichrome stain kit, nor-
mal serum (rabbit, mouse, goat, and swine), and IgG (rat,
rabbit, and mouse) were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). The biotinylated rabbit anti-rat
IgG, biotinylated horse anti-mouse IgG, Texas Red Avidin

Table 1. Overview Regarding Expression of Cell-Specific Markers, Basal Lamina and Extracellular Matrix Components in Normal
Vessels and in Glomeruloid Bodies (GBs) at Different Stages of Their Evolution

Antibody and source
Normal microvessels

0 days
Primitive GB

3–4 days
Mature GB
7–10 days

Devolving
GB

14–21 days
End stage
.28 days

Endothelium
CD31; Pharmingen, San Diego CA
(mAb)14,15

1 1 1 1 1

VE cadherin; Pharmingen (mAb)16 1 2 2 2/1 1
VEGFR-2 protein; Drs. Brekken/Thorpe
(pAb)

1 1 1 1 1

Neuropilin; Oncogene, Cambridge, MA
(pAb)

2 2 2 2/1 2

Pericytes
NG2; Chemicon, Temecula CA (mAb)17,18 2/1 2 1 1 1
a-SMA; Sigma, St. Louis MO (mAb clone
1A4)19

1 2 2/1 1 1

PDGF b-receptor; Santa Cruz (mAb clone
958)20

2/1 2/1 1 1 1

Smooth muscle myosin; Sigma (mAb
clone hSM-V)21

2/1 2 2 2/1 2/1

a and g-actin; DAKO (mAb clone
HHF)22,23

2/1 2 2 2/1 2/1

Calponin; Sigma (mAb clone hCP)24,25 2/1 2 2 2/1 2/1
Desmin; Chemicon (mAb) 2/1 2 2 2/1 2/1

Macrophages
F4/80; Serotec, Raleigh NC (mAb) 2 2 1 1 2
HLA class II; DAKO (mAb clone CR3/43)26 2 2 1 1 2

Basal Lamina
Entactin; Chemicon mAb (mAb)27 1 1 1 1 1
Perlecan; mAb Chemicon (mAb)28 1 1 1 1 1
Laminin; mAb Chemicon (mAb)29 1 1 1 1 1
Collagen IV; Chemicon (mAb)30 1 1 1 1 1

Extracellular matrix
Fibrillar collagen, Masson trichrome stain
(Sigma)

1 2 2 2/1 1

Fibrin, anti-fibrinogen; DAKO (pAb)31 2 2 1 1 2/1

1, all cells/structures positive; 2/1, focal expression; 2, no detectable expression. mAb, monoclonal antibody; pAb, polyclonal antibody.
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D, goat anti-rabbit IgG Texas Red conjugate, and rabbit
anti-rat IgG fluorescein conjugate were purchased from
Vector Laboratories (Burlingame, CA). Goat anti-mouse
IgG fluorescein conjugate was purchased from Becton-
Dickinson (Mountain View, CA), and the TdT apoptosis kit
from R&D Systems (Minneapolis, MN).

All antibodies were diluted in solution 9 (PBS, pH 7.4,
0.1% bovine serum albumin, 150 mmol/L tranexamic
acid, 20 mg/ml aprotinin (3 to 7 TIU/mg), 1.8 mmol/L
ethylenediaminetetraacetic acid, and 2 mmol/L iodoace-
tic acid). Optimal antibody concentrations were deter-
mined by serial dilution.

Detection of Mouse Antigens with Mouse
Monoclonal Antibodies

Six-mm serial cryostat sections were fixed in ice-cold
acetone for 10 minutes and rinsed in PBS. IgG binding
sites were blocked with normal rabbit serum diluted 1/5 in
solution 9 further supplemented with 2% 3-omega fatty
acid (Sigma) for 1 hour at room temperature. Complex
formation between the primary and biotinylated second-
ary reagents was performed by appropriately diluting
primary antibodies in solution 9 together with rabbit anti-
mouse F(ab)2 IgG at a final concentration of 4 mg/ml for 1
hour at 37°C. Thereafter, to block residual binding sites
for mouse IgG, mouse serum was added to a final con-
centration of 1/200, and incubated for 1 hour at 37°C.
Sections were then incubated with the monoclonal anti-
body-F(ab)2-mouse serum complex for 1 hour at room
temperature, rinsed, and incubated with 3% H2O2 in
methanol for 5 minutes to deplete endogenous peroxi-
dase. After rinsing, staining was performed with the avi-
din-biotin complex method, using the Vectastain ABC
elite kit (Vector Laboratories) with diaminobenzidine as
the peroxidase reporter. Sections were counterstained
lightly with Mayer’s hematoxylin, dehydrated, and
mounted in Permount.

Detection of Mouse Antigens with Rat or Rabbit
Antibodies

Frozen sections were fixed, rinsed, and blocked as
above. They were then incubated with primary antibody
for 1 hour, rinsed in PBS, and depleted of endogenous
peroxidase as above. After incubation with biotinylated
rabbit anti-rat or goat anti-rabbit IgG, 7.5 mg/ml, for 30
minutes, staining was performed with the Vectastain ABC
elite kit.

In Situ Hybridization

Tissues were fixed in RNase-free 4% paraformaldehyde
in PBS, pH 7.4, for 4 hours at 4°C and were transferred to
30% sucrose in PBS overnight at 4°C before embedding
in OCT compound. Cryostat sections were hybridized
with antisense and sense (control), single-stranded, 35S-
labeled RNA probes to murine VPF/VEGF, VEGFR-1,

VEGFR-2, Ang-1, Ang-2, Tie-1, and Tie-2 as previously
described.32,33

Double Staining and Confocal Imaging

One hundred-mm cryostat sections were fixed in 100%
acetone at 4°C for 20 minutes and rehydrated in PBS
containing 0.2% Tween 40. Sections were blocked with
normal goat serum containing 2% 3-omega fatty acid for
1 hour at room temperature. Sections were then incu-
bated for 2 hours with rabbit anti-mouse NG2, rinsed, and
incubated with a second primary antibody, biotinylated
rat anti-mouse CD31, for 2 hours. After rinsing, sections
were incubated with avidin-coupled fluorescein isothio-
cyanate (FITC) for 2 hours. Sections were then washed
53 in distilled water and mounted with Vectashield (Vec-
tor Laboratories).

Perfusion Studies

To determine whether the GBs that had formed in mouse
ears were perfused with blood, mice were injected intra-
venously with 4 mg of TRITC-dextran (MW, 70,000) and 4
mg of FITC-dextran (MW, 2,000,000) in 0.9% NaCl. Fif-
teen minutes later mice were sacrificed, ears were fixed
in a 7:3 (vol:vol) mixture of absolute ethanol and 10%
formalin for 4 hours at room temperature, and were then
processed for paraffin embedding.12 Forty-micron opti-
cal sections were evaluated in a Bio-Rad MRC-1024 con-
focal microscope equipped with an argon/krypton laser.
Sections were digitized, filtered with edge definition and
median filters, and viewed as compiled images.

Alternatively, anesthetized mice were perfused
through the left ventricle with heparin-saline and then with
;20 ml of a 1:4 dilution of Sumi black ink (Yasutomo and
Co., South San Francisco, CA). Ears were fixed in para-
formaldehyde-glutaraldehyde, dehydrated in alcohols,
cleared in methyl salicylate, split, and mounted for micro-
scopic analysis in Permount.

Cell Proliferation

Mice were injected intravenously with 40 mCi of 3H-thy-
midine. Two hours later, ears were fixed and processed
for 1-mm Epon sections and autoradiography.12

Statistical Analyses

Statistical analyses were performed with the Student’s
t-test.

Results

Primitive GBs (3 to 4 Days)

Adeno-vpf/vegf164 induced a characteristic sequence of
events in the ears of nude mice as previously reported.1

Microvessels were rendered hyperpermeable to plasma
proteins with consequent extravasation of fibrinogen and

VEGF Induces Vascular Glomeruloid Bodies 1147
AJP March 2001, Vol. 158, No. 3



deposition of an extravascular fibrin-rich provisional ma-
trix. In addition, many microvessels enlarged greatly to
become thin-walled, pericyte-poor mother vessels (Fig-
ure 1, a–f; Figure 2 , a and b; Figure 3; Figure 4, b and d;
and Figure 5, a and b). Mother vessels were evident as
early as 18 hours and increased in size and number
through ;3 to 4 days, after which they evolved into
vascular structures of several different types, one of
which was GB.

Primitive GBs were first recognized at 3 days as focal
accumulations of a few large, poorly differentiated cells in
the endothelial lining of developing or fully formed mother
vessels (Figure 1, a–f, and Tables 1 and 2). Primitive GBs
arose in immediate proximity to adeno-vpf/vegf164-in-
fected cells that expressed abundant VPF/VEGF mRNA
(Figure 4; b, d, and e). They were derived from a rapidly
dividing cell population such that on days 4 and 5, re-
spectively, 22 6 14% and 18 6 8% (mean 6 SD) labeled
with 3H thymidine (Table 2).

All of the cells comprising the earliest GBs were CD31-
positive (Figure 1d). They also stained more intensely for
VEGFR-2 (Figure 1e), but less intensely for VE-cadherin
(not shown), than adjacent mother-vessel endothelial
cells that were not involved in GB formation. None stained
with pericyte (Figure 1f) or macrophage (not shown)

markers. Pericytes were, however, identified immediately
abluminal to developing GBs by staining with antibodies
to pericyte markers such as a-smooth muscle actin (a-
SMA) (Figure 1f). During the course of mother-vessel
formation, staining for basal lamina proteins was reduced
focally and in some cases circumferentially.1 However,
by 3 to 4 days, basal lamina staining had returned to
normal and even higher than normal levels (Figure 1g).

Mature GBs (7 to 10 Days)

The cells comprising primitive GB continued to proliferate
actively (eg, 14 6 7% of cells labeled with 3H thymidine
on day 8) and became organized into cell nests of in-
creasing size. Whereas on day 4 after adeno-vpf/vegf164

injection the number of cells comprising GBs in random
1-mm sections was 21 6 14, by day 8 that number had
increased to 50 6 23 (P 5 0.0002).

As they increased in number, the cells comprising GBs
projected into the lumens of mother vessels and also
extended outward into the surrounding extravascular ma-
trix (Figure 2, a to e). As a result, they encroached on and
compressed the mother vessels from which they had
arisen, eventually dividing their lumens into much smaller

Figure 1. Primitive GBs developing in mother vessels 3 to 4 days after injection of adeno-vpf/vegf into ears of athymic mice. a–c: One-micron-thick,
Giemsa-stained Epon sections illustrating focal accumulations of large, primitive cells (arrows) in endothelial cell lining of mother vessels that subsequently
develop into GBs. d–g: Immunohistochemical staining demonstrates that primitive precursor cells (black arrows) bear endothelial cell markers (CD-31) (d),
relatively increased staining for VEGFR-2 (e), but lack pericyte markers (a-SMA) (f). White arrow in f indicates a-SMA-positive pericytes just peripheral to
primitive GBs (black arrow). Staining for basement membrane proteins, decreased or lost during the course of mother vessel formation,1 is now increased in
intensity (entactin) (g). m, mother vessels; lip, osmophilic, lipid-filled cell. Scale bars, 25 mm.
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channels that were only marginally perfused with blood
(Figure 2, c and d; Figure 3, a–c). By day 8 it was often
difficult to tell that GBs had arisen from mother vessels.
However, in whole-mount preparations the close relation-
ship between mother vessels and GBs could still be
discerned (Figure 3, d–f). GBs were sometimes found to
link adjacent mother vessels (Figure 3f).

The great majority of cells comprising mature GBs
continued to express endothelial cell markers (Table 1);
ie, they expressed VEGFR-1 and -2 mRNAs (Figure 5)
and CD-31 (Figure 6a) and VEGFR-2 proteins (not
shown), but not neuropilin (not shown). However, cells
having ultrastructural characteristics of pericytes (Fig-
ures 7 and 8) and staining for pericyte markers (Figure
6c) were now also present. By immunohistochemistry,
these cells were strongly positive for NG2, the murine
analogue of the high molecular weight melanoma-asso-
ciated antigen, and the platelet-derived growth factor
(PDGF)-b receptor. However, they expressed lower con-
centrations of proteins associated with contractile func-

tions (a-SMA (compare Figure 6, b and c), calponin,
desmin, and smooth muscle myosin) than pericytes of
surrounding, normal microvessels or of microvessels of
normal skin (not shown). By immunohistochemistry peri-
cytes appeared to be admixed randomly with endothelial
cells. However, by electron microscopy, it was clear that
pericytes were always situated peripherally to small cell
clusters of endothelial cells with small or no evident vas-
cular lumens (Figures 7 and 8). Occasional endothelial
cell-pericyte contacts were identified by electron micros-
copy (not shown). Monocytes and macrophages also
began to appear as determined by staining with antibod-
ies to F4/80 (Figure 6d) and HLA DR2 (not shown) and by
electron microscopy (Figure 7 and Figure 8); macro-
phages tended to concentrate at the interface between
GBs and the surrounding connective tissue matrix (Fig-
ure 6d). Prominent lipid-filled cells were often found ad-
jacent to or centrally placed within GBs (Figure 1b; Figure
2, a, b, and e; Figure 7; and Figure 8). Occasional eosin-
ophils and neutrophils were also present, but not nerves

Figure 2. Course of GB development and devolution in 1-mm Giemsa-stained, Epon sections. a and b: Primitive GBs develop as focal nodules (between brackets)
as the result of cell proliferation in the wall of a mother vessel (m) and extend both into the lumen and out into the extravascular connective tissue. Note intimate
association with lipid-containing cells (lip). c–e: Maturing GBs encroach on mother vessels, reducing their single large lumens into two or more much smaller
lumens (arrows) or obliterating them altogether (e). Note centrally placed, osmophilic, lipid-containing cell (lip) in e. f: Devolving GB has begun to reorganize
into normal-appearing microvessels. One newly formed microvessel has acquired a lumen containing red blood cells (white arrow) whereas lumens are just
beginning to form in two others (black arrows). g and h: End-stage GB is transformed into relatively normal microvessels (black arrows in g). Residual
lipid-containing cells in h (black arrows), much smaller than at earlier stages of GB evolution (compare with a, b, and e), are immediately adjacent to each of
three newly formed microvessels. Scale bars, 25 mm.
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or mast cells. As at earlier times, basal lamina proteins
were deposited between the cells comprising GBs in
abnormal thickened multilayers (Figure 6f and Figure 8,
inset).

Devolving GBs (14 to 21 Days)

By day 14 GBs began to devolve into a series of smaller
microvascular units, each comprised of centrally placed
endothelial cells surrounded by pericytes (Figure 9). En-
dothelial cell-pericyte orientations now more clearly re-
sembled those of normal microvessels. Individual peri-
cytes were at first commonly positioned between
adjacent clumps of endothelial cells, but, throughout
time, each endothelial cell cluster came to acquire its
own mantle of pericytes. Endothelial cells once again
began to express VE cadherin (not shown) and vascular
lumens reappeared centrally in endothelial cell clusters
(Figure 2f and Figure 9, c–e). Concomitant with these
events, basal lamina proteins were deposited between
endothelial cells and pericytes in a distribution typical of
normal vessels (Figure 9, e and f). In this manner, indi-
vidual, normal-appearing microvessels were formed and
began to spin off from the residual GB mass (Figure 9,
g–i). Macrophages decreased markedly in number. GB
devolution was accompanied by significant apoptosis,
evident on day 14 and maximal at day 21 (Figure 10). In
parallel, numerous epidermal cells underwent apoptosis
and the epidermis, which had become hyperplastic in the
course of GB formation, gradually returned to normal
thickness.

End-Stage GBs (28 to 90 Days)

During this period, GBs disappeared altogether as dis-
tinct entities and were replaced by multiple small daugh-
ter microvessels. As newly formed microvessels formed
and began to separate from GBs, a subpopulation of
pericytes appeared that, in addition to expressing the
PDGF-b receptor (not shown) and NG2 (Figure 11b), also
strongly expressed a-SMA (Figure 11a), g-actin, desmin,
smooth muscle myosin, and calponin (not shown), a com-
plement of proteins that comprise the cell’s contractile
machinery. Pericytes expressing this set of proteins were
observed at points of residual contact between adjacent
developing daughter vessels (Figure 11, a and b). Fibril-
lar collagen was also deposited in these same locations
(Figure 11c), progressively replacing the fibrin provi-
sional matrix and further separating individual daughter
microvessels from each other. Four to 5 weeks after
injection normal-appearing daughter capillaries and
venules were evenly dispersed (not shown), much as in
normal ear skin.

Expression of VPF/VEGF164, VEGF Receptors,
and Other Cytokines/Receptors

In situ hybridization was used to identify the cells that
were infected by adeno-vpf/vegf164 and to investigate the
kinetics of VPF/VEGF164 expression. From 18 hours to 4
days cells expressing abundant VPF/VEGF mRNA were
present in the dermis, especially in the deep dermis,

Figure 3. a–d: Confocal microscopy of mature GBs. Those in a–c are from mice injected intravenously with both FITC-D (MW, 2,000,000) and TRITC-D (MW,
70,000) 15 minutes before sacrifice. In a and b, GB (white brackets) are perfused with TRITC-D (red), but not with the larger FITC-D (green) that is confined
to mother vessels (m) and other larger vessels that feed GBs. In c, mother vessels (two of which are labeled) stain with both dextrans but a GB (asterisk) does
not, indicating lack of perfusion with either FITC-D or TRITC-D. d: Immunofluorescent staining of a GB with the basement membrane marker, entactin, illustrates
multiple afferent and efferent vessels supplying a GB (white brackets). e and f:. Whole mounts of ear from a mouse perfused with black ink. Note multiple mature GBs
(white arrows) supplied by multiple afferent and efferent vessels connected to mother vessels (m). In f, a GB links two mother vessels. Scale bars, 50 mm.
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Figure 4. In situ hybridization illustrating cellular VPF/VEGF mRNA expression at various times after injection of adeno-vpf/vegf into the ears of athymic mice.
a and b: At 18 hours, scattered cells in dermis (some indicated by black arrows) express large amounts of VPF/VEGF mRNA. b: Some of the positive cells are
immediately adjacent to a mother vessel (m). c–e: At 4 days, numerous VPF/VEGF-positive cells are observed deep in the dermis just above the ear cartilage (cart),
the location where GBs most commonly form. Note strongly positive cells immediately adjacent to mother vessels (m). e: VPF/VEGF-expressing cells are in
immediate proximity to a primitive GB (arrows), developing in a deep dermal mother vessel (m) adjacent to ear cartilage (cart). f: Eight-day reaction illustrating
VPF/VEGF-expressing cells in centers of several maturing GBs (one indicated with an arrow). g: At 14 days, several VPF/VEGF-expressing cells persist within
GBs (brackets) but average intensity is somewhat reduced in comparison with 8 days. h: Further reduction in numbers and staining intensity of VPF/VEGF-
expressing cells at 21 days. A residual positive cell is placed centrally within a GB (brackets). i: By 35 days, VPF/VEGF mRNA was no longer detectably expressed
and GBs had begun to devolve into normal microvessels. d and f: Phase contrast microscopy; all others, bright field. Scale bars, 25 mm.
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adjacent to the ear cartilage (Figure 4, a–e). Many of
these heavily labeled cells were in immediate proximity to
developing or fully developed mother vessels (Figure 4,
b–e), ie, in a position normally occupied by pericytes.
However, the technologies we used did not allow us to
determine whether these VPF/VEGF164-expressing cells
were in fact pericytes. At 3 days, strongly VPF/VEGF164-
expressing cells were found adjacent to mother vessels
in the immediate vicinity of developing GBs (Figure 4e),
and at subsequent intervals strongly labeled cells were
found in the centers of mature GBs (Figure 4f). Curiously,
prominent lipid-filled cells were also commonly observed
in the centers of mature GBs (Figure 2, a, b, and e, Figure
7, and Figure 8). Unfortunately, we were unable to deter-

mine whether these lipid-filled cells were the cells ex-
pressing large amounts of VPF/VEGF164 mRNA.

Because adenoviral vectors are not incorporated into
chromosomal DNA, the transgenes they introduce are
only expressed for a limited period of time. The numbers
of VPF/VEGF mRNA-expressing cells and the intensity of
expression as judged by grains per cell remained con-
stant for ;2 weeks, after which both the frequency and
intensity of labeling of individual cells declined gradually
until by 21 days only occasional, weakly positive cells
remained (Figure 4, g–i).

VEGFR-1 and VEGFR-2 expression followed similar
kinetics, becoming detectable in mother vessel endothe-
lial cells at 18 hours and more strongly at 4 days (Figure

Figure 5. In situ hybridization for expression of VPF/VEGF receptors in adeno-vpf/vegf injected skin. a and b: VEGFR-1 mRNA expression in vascular
endothelium of mother vessels (m) at 4 days. E, epidermis. c and d: VEGFR-2 mRNA expression in GBs (brackets) at 10 days (c) and 21 days (d). Scale bars,
25 mm.

Table 2. Proliferation and Apoptosis of Cells Comprising Glomeruloid Bodies (GBs) at Various Stages of Their Evolution and
Devolution

Normal microvessels
0 days

Primitive GB
3–4 days

Mature GB
7–10 days

Devolving
GB

14–21 days
End stage
.28 days

Proliferation 0 11 11 6 0
Apoptosis 0 0 0 1 0

*Proliferation was assessed in 1-mm Epon sections for incorporation of 3H-thymidine. Cells with $4 grains were considered positive. Apoptosis was
assessed with the TUNEL assay. 0, no labeled cells; 6, occasional labeled cells; 1, 1 to 10% of cells labeled; 11, .10% of cells labeled.
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5). Thereafter, GBs continued positive for the mRNAs of
both receptors, declining after 2 weeks and falling to low
levels by 21 days.

Cells in GB expressed Ang-1 and Ang-2 mRNAs
weakly from 10 to 21 days and expression declined
thereafter. Tie-1 and Tie-2 mRNAs were weakly ex-
pressed in GBs as early as 3 days, strongly at 10 days,
and weakly thereafter through 21 days.

Discussion

Infection of mouse ear skin with an adenoviral vector
engineered to express VPF/VEGF164 stimulated local
generation of vascular GBs typical of those found in
glioblastoma multiforme, certain other human tumors,
and vascular malformations.2–7,34–36 GBs were first rec-
ognized at 3 days after adeno-vpf/vegf164 injection as
focal collections of large, primitive cells in the endothelial

cell lining of mother vessels. These cells expressed en-
dothelial cell markers and were intimately associated with
adeno-vpf/vegf-infected cells that expressed large
amounts of VPF/VEGF mRNA. Primitive GBs grew rapidly
in size as a consequence of cell proliferation and ex-
tended inwards as well as outwards into the extravascu-
lar connective tissue where they formed nodules that
were centered around VPF/VEGF164-expressing cells.
The nature of the VPF/VEGF164-expressing cells was not
determined with certainty; initially many infected cells
had the distribution of pericytes but centrally placed cells
in developing and mature GBs often contained large
amounts of lipid. With further expansion, GBs severely
compromised the mother vessels in which they had
arisen, reducing originally large single lumens into multi-
ple, much smaller channels. As a result, blood flow
through GBs was greatly reduced and sometimes shut
down entirely. Initially, all of the cells comprising GBs

Figure 6. Immunohistochemical characterization of mature GBs (7 to 10 days). a: CD-31-positive cells (putative endothelial cells) continue to predominate. b and
c: a-SMA staining of pericytes in vessels of normal skin (arrows in b) and in a mature GB (c) where they are intermingled with endothelial cells. d: F40/80-positive
cells (macrophages) are present at the GB periphery (arrows). e and f: Antibodies to entactin (and other basement membrane proteins, not shown) stain
basement membranes of vessels and nerves in normal skin (e) and are abundantly deposited but in a disorganized manner in mature GBs (f). L, vascular lumen.
Scale bars, 25 mm.
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bore endothelial cell markers, but, by 7 to 10 days, peri-
cytes appeared and came to envelop small clusters of
endothelial cells; subsequently, macrophages also ap-
peared but were primarily confined to the periphery, at
the interface of maturing GBs with the surrounding extra-
cellular matrix. After ;14 days, VPF/VEGF mRNA expres-
sion declined and, concomitantly, GBs devolved by a
process that involved both apoptosis and reorganization
of endothelial cells and pericytes into daughter microves-
sels typical of those found in normal ear skin. The entire
sequence of events is diagrammed schematically in Fig-
ure 12. Taken together, our experiments provide the first
animal model for generating vascular GBs, provide im-
portant insights into the mechanisms responsible for GB

formation and devolution, and demonstrate that VPF/
VEGF164 is both sufficient for their generation and nec-
essary for their maintenance.

The GBs induced in mouse skin with adeno-vpf/
vegf164 closely resembled those found in glioblastoma
multiforme in structure and composition.2,3,34–36 At one
time it was thought that the GB of human glioblastomas
were comprised entirely of endothelial cells. However,
more recent studies have demonstrated the presence of
cells that express pericyte markers, HMW-MAA and
a-SMA.34,35 Thus, both pericytes and endothelium con-
tribute importantly to the GBs of high-grade human glio-
mas and to those induced here in normal mouse tissues
with an adenoviral vector. Whether the GBs that develop

Figure 7. Electron micrograph of a maturing GB. GB appears as a nodular structure with a centrally placed lipid-containing cell (lip) and comprised of several
different cell types: E, endothelial cells; P, pericytes; lip, lipid-containing cell with a cytoplasmic lipid body, LB; MO, monocyte; F, fibroblasts. Cells were identified
by examination of this same field at higher magnification, using standard electron microscopic criteria.59,60 Multiple small vascular lumens (L), many but not all
containing red blood cells, are lined by endothelial cells; lesser numbers of pericytes are scattered in between. Scale bar, 10 mm.
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in human glioblastomas also arise from mother vessels
remains to be determined.

High concentrations of VPF/VEGF164 were apparently
necessary to induce and sustain GBs. In our mouse
model, GBs formed in immediate anatomical proximity to
adeno-vpf/vegf164-infected cells that strongly expressed
VPF/VEGF mRNA. Glioblastomas express larger amounts
of VPF/VEGF than most other human tumors3,36,37; how-
ever, glioblastomas also express many other cytokines
and growth factors that might reasonably be implicated in
GB formation. Therefore, the finding that overexpression
of VPF/VEGF164 alone leads to GB formation is significant
and allows us to postulate that the GBs found in glioblas-
tomas, in other human tumors, and in vascular malforma-
tions also result from local overexpression of VPF/VEGF.
Further correlative evidence in support of VPF/VEGF’s
role in the etiology of GB formation came from later
events in our mouse adenoviral vector model. As VPF/

VEGF164 expression declined, GBs began to devolve. Of
course no such decline in VPF/VEGF expression would
be expected in glioblastomas as these tumors continue
to express VPF/VEGF and generate GBs throughout their
course.

The cells that were first recognized as primitive GBs
were located amid other endothelial cells lining mother
vessels and expressed endothelial markers (CD31,
VEGFR-1, VEGFR 2). Together these findings are consis-
tent with an origin from pre-existing mother-vessel endo-
thelium. However, the markers that these cells expressed
are not entirely specific for endothelium and are also
represented on hematopoietic cell precursors.38–40

Therefore, a blood or bone marrow source for some or all
of these precursor cells cannot be excluded. Subse-
quently, pericytes also contributed to GBs and their ori-
gins were also not established with certainty. The likeliest
possibility, however, is that they developed from mother-

Figure 8. Electron micrograph illustrating a somewhat more mature GB, again centered about a large lipid-containing cell (lip). Several small erythrocyte-
containing vascular lumens persist (one marked L). Cell code is the same as that in Figure 7 with the addition of the following: M, macrophages; Ly, lymphocytes.
Individual cells were identified by standard electron microscopic criteria after examining this same field at higher magnification.59,60 Inset illustrates multiple
layers of basal lamina (asterisk) deposited between luminal endothelial cells and pericytes, a finding also typical of the GBs of glioblastomas.3 Scale bar, 10 mm;
inset bar, 1 mm.

VEGF Induces Vascular Glomeruloid Bodies 1155
AJP March 2001, Vol. 158, No. 3



vessel pericytes because they first appeared admixed
among endothelial cells; there was no evidence to sug-
gest that they differentiated from primitive mesenchymal
or other dermal cells.

The stimuli responsible for pericyte participation in
GBs are uncertain. One possibility is that VPF/VEGF in-
duced the proliferation of local pericytes by stimulating
endothelial cells to express PDGF-B chain,41 a potent

pericyte mitogen.42,43 PDGF BB is also chemotactic for
pericytes44 and is thought to be important for pericyte
differentiation and their coating of newly formed vessels
during embryogenesis.44–47 However, recent findings
raise the alternative possibility that VPF/VEGF acted di-
rectly on pericytes. In addition to its selective action on
endothelial cells, VPF/VEGF interacts with macrophages
and certain populations of smooth muscle cells that ex-

Figure 9. Early (a, c, and e) and later stages (b, d, and f) of GB devolution into daughter microvessels. a and b: CD-31 staining demonstrates endothelial cells
forming discrete clusters that are separated from each other by nonstaining cells (for the most part pericytes). c and d: Pericytes stained with antibodies to NG2
envelop endothelial cells that have begun to form lumens (L). e and f: Entactin staining for basement membrane. g–i: A GB undergoing devolution into daughter
microvessels is illustrated by double-fluorescent staining for NG2-expressing pericytes (red, g), basement membrane entactin (green, h), and composite (i).
Individual daughter vessels (white arrows) have separated from the main GB cell mass (asterisk). Scale bars, 12.5 mm (a–f) and 25 mm (g–i).
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press biologically active VPF/VEGF receptors.8,9,48

VEGFR-1 has also been found to be expressed on cul-
tured pericytes, and under certain conditions (hypoxia),
VPF/VEGF is chemotactic for pericytes.49–51 These find-
ings raise the possibility that VPF/VEGF stimulated peri-
cyte migration and proliferation directly.

Beginning around day 14, GBs began a process of
devolution that was characterized by significant apopto-
sis. Endothelial cells, pericytes, and macrophages all
declined in number, paralleling a decline in local VPF/
VEGF164 expression. VPF/VEGF is an important survival
factor for vascular endothelium,47,52 particularly for im-
mature vessels that have not acquired a pericyte coat.
The endothelial cell apoptosis observed may therefore
have resulted from a combination of decreased local
VPF/VEGF and insufficient pericyte coating. Keratino-
cytes express VPF/VEGF,53 but have not been reported
to express VPF/VEGF receptors. Most likely the apoptotic
events observed reflect a series of complex paracrine
relationships among the various cell types that were up-
set by decreased VPF/VEGF. Similar paracrine stimula-
tory loops are thought to maintain GBs in glioblastoma
multiforme34,36,37,54,55. These findings may have interest-
ing implications for anti-angiogenesis therapies designed
to suppress VPF/VEGF expression in glioblastomas. Our
studies would suggest that decreased local VPF/VEGF
expression would initiate GB devolution, and it is uncer-
tain whether such devolution with replacement by normal
microvessels would be of advantage to the tumor or to
the host.

As GBs devolved, they were gradually replaced by
normal-appearing microvessels that at first were closely
joined together and only later separated from one an-
other. A subpopulation of pericytes that expressed pro-
teins involved in contractile events may have had a role in
positioning and separating these newly formed daughter
vessels from each other. Pericytes that expressed
a-SMA, g-actin, and so forth, were strategically posi-
tioned at points of interconnection between developing
daughter vessels, suggesting a possible role in the final
separation of daughter vessels from each other. This
would be consistent with other examples in which peri-
cytes expressing a similar profile of contractile machinery
have important roles in tissue remodeling.56–58

In conclusion, injection of an adenoviral vector engi-
neered to express VPF/VEGF164 induced the formation of
typical vascular GBs in normal ear skin. These GBs de-
veloped in mother vessels from recruitment and prolifer-
ation of endothelial cells and pericytes in intimate contact

Figure 10. TUNEL staining to demonstrate apoptotic cells (some indicated
by arrows). a: Low-level apoptosis in normal mouse ear epidermis. b:
Extensive apoptosis in the formerly hyperplastic epidermal ear skin and in a
GB (brackets) at 21 days after ear injection with adeno-vpf/vegf. E, epider-
mis. Scale bars, 25 mm.

Figure 11. a and b: Immunohistochemical staining for pericytes in devolving GB. Pericytes (arrows) strongly express a-SMA (a) and NG2 (b) at residual points
of interconnection between newly formed daughter vessels. c: Trichrome stain illustrates deposition of fibrillar collagen around newly formed daughter vessels.
L, vascular lumens. Scale bars, 12.5 mm.
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Figure 12. Schematic drawing of GB evolution and devolution. Day 0: Normal microvessel lined by endothelial cells, pericytes, and basal lamina. Day 1: One day
after injection of adeno-vpf/vegf precursor microvessel has enlarged greatly as the result of pericyte detachment and basal lamina degradation to form a mother
vessel (m). A VPF/VEGF-expressing cell (VPC) lies immediately adjacent. Day 2: Proliferation of mother vessel endothelium first noted. Days 3 to 4: Proliferating
endothelial cells extend outside the mother vessel and cluster around a VPC. Basal lamina components are deposited in excessive and disorganized multilayers.
Pericytes begin to proliferate. Days 7 to 10: GB expansion as the result of cell division has compromised original mother vessel lumen, reducing it here into two
smaller channels. Pericytes are apparently intermingled among endothelial cells. Macrophages accumulate at GB periphery. Day 14: Earliest stages of GB
devolution as VPF/VEGF expression by VPC is on the wane. Pericytes are more numerous and surround clusters of endothelial cells that have now formed obvious
vascular lumens. Day 21: Later stage of GB devolution with greatly reduced VPF/VEGF expression and better definition of individually forming microvessels. Day
28: Newly formed microvessels have begun to separate from each other but some remain linked by pericytes that strongly express contractile proteins such as
a-SMA. Small amounts of fibrillar collagen are deposited. Days 35 to 90: GBs are completely replaced by normal-appearing microvessels interspersed between
moderate amounts of newly deposited fibrillar collagen.
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with VPF/VEGF-expressing cells. As local VPF/VEGF ex-
pression began to decline at ;2 weeks, GBs gradually
devolved, a process characterized by apoptosis and
reorganization of remaining endothelial cells and peri-
cytes into normal-appearing microvessels.
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