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We have previously demonstrated that vascular endo-
thelial growth factor-165 (VEGF), a tumor-secreted
angiogenic factor, can acutely and chronically induce
fenestrations in microvascular endothelium (Cancer
Res 1997, 57:765–772). Because the morphology and
function of microvascular endothelium differs from
tissue to tissue, we undertook studies to examine
whether the neovasculature in tumors also differed
depending upon tumor location. Four tumor types
implanted in the brain or subcutis in nude mice were
studied: a murine rhabdomyosarcoma (M1S), a mu-
rine mammary carcinoma (EMT), and two human
glioblastomas (U87 and U251). In addition, we studied
Chinese hamster ovary cells stably transfected with
human VEGF165. As previously reported, tumors
grown in the subcutaneous space had a microvascu-
lature that was fenestrated and had open endothelial
gaps. The identical tumors when grown in the brain
also had fenestrated endothelium and vessels with
open endothelial gaps, but they were drastically re-
duced in occurrence. Open endothelial gaps were not
seen in all tumors implanted in the brain (EMT and
M1S), although fenestrated endothelium was always
seen. VEGF and VEGF receptors were measured in
tumors from both locations by immunoblotting and
competitive polymerase chain reaction, respectively.
VEGF amount was not significantly different between
the tumor locations. Interestingly, total tumor vascu-
lar mRNA expression of both Flk-1 and Flt-1 was
greater in tumor vessels derived from the brain com-
pared with tumor vessels derived from subcutaneous
tissues. These results demonstrate that the host mi-
crovascular environment determines the morphol-
ogy and function of the tumor vasculature and that
endothelia from different tissues vary in their ability
to express the VEGF receptors given identical stimuli.
(Am J Pathol 1998, 153:1239–1248)

The growth of primary tumors (tumor nodules) beyond the
2-mm limit of nutrient diffusion is strictly dependent on

their ability to induce vascularization by angiogenesis
from the surrounding host tissue vasculature.1 In addition
to tumor growth, angiogenesis is also a prerequisite for
tumor spreading by metastasis.2,3 Angiogenesis in tu-
mors, as well as in a number of physiological (vasculo-
genesis, wound repair, etc.) and pathological (diabetic
retinopathy, macular degeneration, rheumatoid arthritis,
and psoriasis) conditions, is induced by a number of
factors of which the most prevalent and only endotheli-
um-specific one is vascular endothelial growth factor
(VEGF, also referred to as vascular permeability fac-
tor).4,5

In addition to its role as an angiogenic agent, VEGF
also increases vascular permeability by inducing the for-
mation of fenestrations; open gaps; and clustered, fused
caveolae in endothelium.6,7 There are two identified re-
ceptors specific for VEGF that are localized on endothe-
lium, Flk-1 and Flt-1,8,9 that bind with different affinities10

and possibly mediate different functions.4 The VEGF re-
ceptors (VEGF-Rs) are induced on proliferating neovas-
culature and present on fenestrated endothelium. They
are either nondetectable or expressed at extremely low
levels in nonproliferating, nonfenestrated endothelium.11

Because of the dependence of tumor growth on an-
giogenesis, the concept of targeting tumor neovascula-
ture or preventing angiogenesis has been increasingly
considered.12,13 It has been repeatedly demonstrated
that by targeting the vessels directly or by inhibiting
angiogenesis, tumors can be reduced and even eradi-
cated.14–16 However, not much is known about whether
or how various host tissues influence the morphology of
the tumor neovascular endothelium. The microvascula-
ture differs dramatically in morphology and function from
organ to organ, eg, body wall (muscle or skin) versus
central nervous system (brain). These differences pro-
vide a unique condition in which the ability of tumor-
secreted factors (eg, VEGF) to modify “borrowed” host
vessels can be studied. Although some relevant informa-
tion exists,17,18 a more extensive comparative study
could prove informative.

In principle, therefore, tumor vasculature is expected
to reflect the interaction of two main (but not necessarily

Supported by grants from the United States Public Health Service (Na-
tional Institutes of Health grant R37 HL17080-22) and the US Army Breast
Cancer Research Program (DAMD 17-96-1-6203).

Accepted for publication July 18, 1998.

Address reprint requests to Dr. WG Roberts, Pfizer Central Research,
Cancer Research, Eastern Point Rd, Groton, CT 06340.

American Journal of Pathology, Vol. 153, No. 4, October 1998

Copyright © American Society for Investigative Pathology

1239



only) factors: 1) the type of vasculature of the host tissue
and 2) the morphogenetic effects of VEGF. To assess
their relative importance, we have used a set of four
different tumors (M1S, EMT, U87, and U251) and Chinese
hamster ovary (CHO) cells transfected with VEGF165 im-
planted either subcutaneously (s.c.) or in the brain (intra-
cerebrally, i.c.), have counted on their ability to secrete
VEGF, and have systematically examined the morphol-
ogy of their microvasculature. In the s.c. condition, the
host tissue microvasculature is provided with a continu-
ous type of endothelium characterized by a large popu-
lation of caveolae and relatively high permeability. In the
i.c. condition, the microvascular endothelium has few (or
no) caveolae and low permeability, thereby creating a
blood-brain barrier.

In our previous work, we have studied the microvas-
culature of the tumors implanted s.c. and have shown
that the endothelium becomes extensively fenestrated
and develops numerous gaps (intercellular).19 Now we
show that the same tumors implanted i.c. acquire a mi-
crovasculature that is considerably less fenestrated and
has fewer (or no) gaps than in the s.c. condition. We also
show that the tumors produce similar amounts of VEGF in
the two conditions, but the expression of VEGF-R(s) is
increased in the i.c. condition.

Materials and Methods

Tumor Growth

The tumors used were: EMT-6, experimental mammary
tumor syngeneic for BALB/c mice; M1S, rhabdomyosar-
coma syngeneic for DBA/2 mice; and U87 and U251,
human glioblastomas. In addition, we used CHO cells
transfected with cDNA encoding human VEGF165. All
tumors were grown in male nude mice. Tumors were
maintained by in vivo passaging and prepared as previ-
ously described.19 For tumor cell injection into the brain,
5e5 tumor cells in 5 ml of phosphate-buffered saline
(PBS) were inoculated into the corpus striatum in the right
hemisphere (see Ref. 20). s.c. tumors were removed
when they reached 5 to 9 mm in diameter, and brain-
implanted tumors were removed 10 to 15 days after
injection (corresponding to tumors 5 to 8 mm in diame-
ter). Animals were used in accordance with National In-
stitutes of Health standards and an independent institu-
tional animal care committee.

Electron Microscopy

Animals were sacrificed, the brain was exposed, and a
3% formaldehyde (freshly prepared from paraformalde-
hyde) solution was droppered on the surface. Brains
were removed and sliced under formaldehyde fixative.
Smaller pieces (1 mm3) of tumor tissue were then fixed in
1.5% glutaraldehyde and processed as previously de-
scribed for electron microscopy.7 Entire preparation time
from sacrifice until fixation in glutaraldehyde was less
than 2 minutes for each animal. Thin (50 to 55-nm) sec-
tions were cut (Reichert-Jung Ultracut E; Vienna, Austria),

picked up on copper grids, and stained with uranyl ace-
tate and lead citrate before examination and photogra-
phy (Philips CM10 electron microscope at 80 kV). Mor-
phometric data were compiled from at least three tissue
blocks from no fewer than three tumors of each type.

VEGF Immunoblotting

Tumors (s.c. or i.c.) were removed and immediately fro-
zen on dry ice. Lysates were made by homogenizing 100
mg of frozen tumor tissue/ml lysis buffer (10 mmol/L
Tris-HCl, pH 7.5, supplemented with 1% Nonidet P-40, 1
mmol/L phenylmethylsulfonylfluoride, 1 mmol/L leupep-
tin, and 0.2 trypsin-inhibiting units/ml aprotinin). The ho-
mogenate was passed three times through a 25-gauge
needle and then centrifuged at 1000 rpm for 10 minutes.
Proteins in the clarified lysate (10 to 25 mg) were resolved
on a 10% polyacrylamide gel under nonreducing condi-
tions, transferred to nitrocellulose and immunoblotted
with polyclonal anti-VEGF (Santa Cruz Laboratories,
Santa Cruz, CA). Blotto (5% nonfat dried milk in 0.1%
Tween/PBS) was used for blocking, and 1% milk in
Tween-PBS was used for all washes. Primary antibodies
were incubated with the transferred electrophoretograms
overnight at 4°C and positive bands were detected by
enhanced chemiluminescence (Pierce, Rockford, IL) af-
ter a 1-hour incubation at room temperature with horse-
radish peroxidase-conjugated goat anti-rabbit antibodies
(Biodesign International, Kennebunk, ME). These anti-
VEGF antibodies recognize both murine and human
VEGF.

Generation of Templates for VEGF-R
Competitive Polymerase Chain Reaction

Flk-1 and Flt-1 templates were reverse transcription-poly-
merase chain reaction (RT-PCR) cloned from murine fetal
total RNA isolated from murine BALB/c fetus using the
Trizol reagent (Life Technologies, Inc., Gaithersburg,
MD). RNA (5 mg) was reverse transcribed using Super-
script II and random primers according to the manufac-
turer’s instruction (Life Technologies). Templates for the
N-terminal region of murine Flk-1 (corresponding to
amino acids 56 to 169) and murine Flt-1 (corresponding
to amino acids 186 to 327) were PCR cloned using the
following primers: Flk-1 (upper), 59-GACCTGGACTG-
GCTTTGG-39, and (lower), 59-TCTCTTTTCTGGATACCT-
39; Flt-1 (upper), 59-ACATGGGACAGTAGGAGA-39, and
(lower), 59-ACGGAGGTGTTGAAAGAC-39. Primers were
designed using Oligo 4.0 (National Biosciences, Ply-
mouth, MN) using sequences in GenBank. The following
PCR reaction was used: 1 ml of reverse transcriptase-
cDNA, 0.4 mmol/L upper and lower primers, 5 ml Pfu PCR
buffer, 2.5 ml of deoxynucleotide triphosphates (2.5
mmol/L each), 38 ml of H2O, and 1 ml of Pfu polymerase
(Stratagene, La Jolla, CA) using the following method
(95°C for 5 minutes, 95°C for 30 seconds, 58°C for 1
minute, and 72°C for 2 minutes for 30 cycles, followed by
72°C for 10 minutes). Clones were subcloned into the
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pET28 expression vector (Novagen, Madison, WI) and
verified by sequencing.

Competitive templates for Flk-1 and Flt-1 were gener-
ated by using AatII and AflII restriction enzymes, respec-
tively, which cut once in the insert. Briefly, 5 mg of pET28:
Flk-1 was cut with AatII and blunted with T4 DNA
polymerase, whereas pET28:Flt-1 was blunted with Klee-
now after restriction digestion with AflII. A 100-bp insert
was cut from the pET vector (no insert) and blunted with
Kleenow. The blunt-ended vectors and 100-bp insert
were gel purified before overnight in-gel ligation. This
generated competitive templates that were 100 bp larger
but with identical primer sites to the wild-type template.
For use as an internal competitive template, the plasmid
containing the template was linearized with Nco1, gel
purified, quantified spectrophotometrically, and serially
diluted.21

VEGF-R Competitive PCR

Tumors grown either in the brain or subcutis were re-
moved and frozen immediately on dry ice and then ho-
mogenized in a Dounce homogenizer (treated with
RNase Zap (Ambion, Austin, TX)), and RNA was ex-
tracted as described above. Before reverse transcription,
RNA was treated with RNase-free DNase (Promega,
Madison, WI) to remove any contaminating genomic
DNA.22 DNase-treated RNA was purified using the
RNAeasy kit (QIAGEN, Chatsworth, CA) and quantitated
spectrophotometrically, and 2 mg was reverse tran-
scribed as described above. PCR reactions were as
follows: 1 ml of tumor reverse transcriptase-cDNA, 0.4
mmol/L upper and lower primers, 5 ml of Pfu PCR buffer,
2.5 ml of deoxynucleotide triphosphate, 20 mCi
[32P]dCTP, 28 ml of H2O, 1 ml of Pfu, and 10 ml of com-
petitive template (0 to 1000 fg) using the following
method (95°C for 5 minutes; 95°C for 30 seconds, 58°C
for 1 minute, and 72°C for 2 minutes for 40 cycles fol-
lowed by 72°C for 10 minutes). Master mixes of the PCR
reaction were made and aliquoted; to these, 10 ml of each
template was added. Reactions (20 ml) were separated
on a 6% polyacrylamide gel made with Tris borate ethyl-
enediamine tetraacetic acid buffer, dried and exposed to
a phosphorimager screen. Sample and template bands
were quantitated using ImageQuant analysis software
(Molecular Dynamics, Sunnyvale, CA). Values were ana-
lyzed, and plots of template amount versus template/
sample ratio were generated to calculate the amount of
sample.21,23 All competitive PCR experiments were car-
ried out in triplicate on two to five tumors. Data are pre-
sented as the average 6 standard deviation.

Vascular Density Immunohistochemistry

Tumors were removed and snap frozen in ornithine car-
bamoyltransferase by immersion in liquid nitrogen. Sec-
tions (7 mm) were picked up on gelatin-coated slides,
fixed in 1% formaldehyde; blocked with 10% fetal calf
serum; and stained for endothelium using a rat anti-
murine monoclonal antibody, MECA20. Sections were

counterstained with hematoxylin and immunostained ves-
sels were counted. Five fields (at 3200 magnification)
were counted for each of three or four tumors.

Statistics

Statistical analysis for electron microscopic morphometry
was performed as previously described using StatView
(Abacus Concepts, Inc., Berkeley, CA).19

Results

Vascular Morphology

Vascular endothelium in the adult mouse brain, where the
tumors were implanted, is characterized by extensive
and complex tight junctions and relatively few plasmalem-
mal vesicles (Figure 1A). Furthermore, the majority of
vessels are capillaries or very small venules and all have
a well developed basement membrane. These morpho-
logical characteristics contribute to the low microvascular
permeability associated with the blood brain barrier.
When tumors are grown in the brain, the tumor vessels
are derived from this extremely tight brain vasculature.

The tumor microvessels underwent a remarkable
transformation from one of the least permeable microvas-
culature to one with loose and open endothelial gaps and
fenestrated endothelium (Figure 1, B and C). This trans-
formation was most evident when VEGF-transfected CHO
cells were grown in the brain. They grew into well vascu-
larized 1-cm3 tumors (without apparent side effects to the
mouse) that had the highest percentage of vessels with
open gaps and fenestrated endothelium of all the tumors
studied (Figure 1B, insets, and Table 1). Gaps varied
from 60 to 300 nm. Unlike vessels in all other tumors,
vessels in the VEGF:CHO tumors had continuous and
prominent basement membranes.

Noticeably affected in most tumor vessels were loose
endothelial junctions. Although junctions were not com-
pletely patent in a given plane of section, large gaps were
routinely found in virtually all tumor vessels (Figure 1, B
and C). There was a general lack of fused, clustered
caveolae normally present in s.c. tumor vascular endo-
thelium. However, the number of caveolae was increased
in the thicker endothelial cells that had numerous mito-
chondria, polysomes, and rough endoplasmic reticulum,
all indicative of a highly proliferative state, whereas the
fenestrated endothelial cells were more attenuated (Fig-
ure 1, B and C).

Morphometric analysis was completed for all tumors to
obtain a percentage of vessels with fenestrated endothe-
lium, open gaps, and number of fenestrations per vessel
profile (Table 1 and Figure 2). With the notable exception
of the VEGF:CHO tumors, all tumors when implanted in
the brain had drastically reduced percentage of vessels
with fenestrated endothelium and open gaps compared
with the same tumors grown s.c., but all tumors had a
significantly higher percentage of vessels with fenes-
trated endothelium compared with the host tissue regard-
less of location.
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No vessels were found in either the EMT or M1S i.c.
tumors with open endothelial gaps, whereas open gaps
were encountered in both glioblastomas and especially
VEGF:CHO tumors. In fact, VEGF:CHO tumors had more
vessels with open gaps when implanted in the brain than
when implanted s.c. Interestingly, animals bearing large
(.1 cm in diameter) VEGF:CHO tumors in their brain
were less noticeably affected (eg, loss of equilibrium or
loss of appetite) than animals with much smaller (,3 mm
in diameter) M1S, EMT, U87, or U251 tumors, likely in-
dicative of the relatively benign nature of the VEGF:CHO
tumors. Although not taken into account in our morpho-
metric analysis, the integrity of the endothelial intercellu-
lar junctions in vessels of all the tumors was often com-
promised when compared with the normal brain vessels.
The junctions were not tightly joined from lumen to ablu-
men (compare junctions in Figure 1, A and C).

VEGF Expression

Because tumor location drastically affected tumor vascu-
lar morphology, studies were undertaken to examine
whether differences in VEGF levels could account for
these observed differences. Western blot analysis for
VEGF on lysates from s.c. and i.c. tumors is shown in
Figure 3. VEGF amount in tumor lysates was not signifi-
cantly different between tumor location, with the VEGF:
CHO tumors having ;10 times more VEGF compared
with all other tumors. The glioblastomas, U87 and U251,
had the least amount of VEGF, with U251 having the
lowest of all. Although the 165-amino acid isoform ap-
pears to be most prominent, the antibody used does not
recognize the other isoforms well, and the presence of
other bands around 46 kd likely indicates glycosylation
variants of the 165-amino acid isoform. RT-PCR was used

Figure 1. Electron micrographs of vessels in the normal brain (A), VEGF:CHO (B), and M1S (C) tumors growing in the brain. An extensive electron-dense
endothelial junction is common to normal brain vessels (A, j). This junction is drastically compromised in tumor vessels, in which the intercellular gaps can be
as large as 260 nm (B and C, asterisks). VEGF:CHO tumors had numerous gaps (B, asterisks), which may be remnants of fenestrations (arrowheads). B: Boxed
areas are shown as insets. Bars (A, B, insets, and C), 500 nm.
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to determine whether VEGF isoforms were differentially
expressed because of tumor location or among the tu-
mors. VEGF isoform and basic fibroblast growth factor
expression were determined in the tumors using RT-PCR.
The 165-amino acid isoform was the most highly ex-
pressed isoform in all tumors, but there was no significant
difference among other isoforms or in basic fibroblast
growth factor (bFGF) expression among the samples
(data not shown).

Flk-1 and Flt-1 Expression

In addition to tumor-secreted VEGF, we decided to in-
vestigate the amount of VEGF-Rs, Flk-1 and Flt-1, on
tumor vessels using competitive PCR. Because the host
microvasculature supplying the tumors is so dramatically
different between s.c. tissues (primarily skeletal muscle)
and brain, we hypothesized that the tumor vessels might
have different levels of Flk-1 and Flt-1 in the two condi-
tions. PCR primers and competitive templates were de-
signed for murine receptors, because all vessels regard-

less of tumor type would be murine in origin. Competitive
templates were designed with identical primer sites but
with a 100-bp insertion. This allowed for equivalent PCR
amplification efficiency and easy identification of tem-
plate and sample. As template amount was decreased,
the PCR product of interest (Flk-1 or Flt-1) in the tumor
sample increased in intensity (Figure 4A). The data were
acquired using a phosphor imager and plotted in graph
form as the ratio of template signal/sample signal versus
template input. When the template/sample ratio equaled
1.0, the amount of receptor mRNA in the tumor sample
was calculated from the abscissa.

i.c. tumors had higher levels of both Flk-1 and Flt-1
mRNA when compared with identical tumor types grown
s.c. (Figure 4B). Moreover, Flk-1 mRNA amount was ei-

Table 1. Fenestrations per Vessel Profile

No. of vessels* Range† Average 1 SEM‡ Median

Normal skin 124 (2.4%) 1 to 2 1.33 6 0.33 1
Normal skeletal muscle 251 (0%) 0 0 0
Normal brain 144 (0%) 0 0 0
EMT-6 (murine mammary carcinoma)

s.c. 88 (41%) 1 to 54 9.8 6 1.8 6
i.c. 99 (1%) 1 1 1

M1S (murine rhabdomyosarcoma)
s.c. 181 (35%) 1 to 36 10.8 6 1.3 8
i.c. 97 (9%) 1 to 7 2.4 6 0.7 2

U87 (human glioblastoma)
s.c. 62 (37%) 1 to 44 10.5 6 2.3 6
i.c. 110 (3%) 1 1 1

U251 (human glioblastoma)
s.c. 62 (37%) 1 to 44 10.5 6 2.3 6
i.c. 87 (4%) 1 to 3 2 6 1 2

VEGF:CHO (VEGF165-transfected CHO cells)
s.c. 119 (56%) 1 to 35 9.8 6 0.9 8
i.c. 89 (9%) 1 to 5 2.1 6 0.5 2

*Number of vessels counted (percentage of fenestrated vessels).
†Range of fenestrations per vessel profile.
‡Average number of fenestrations per vessel profile.

Figure 2. Tumor vascular morphometry of tumors grown in the brain (i.c.) or
in the subcutis (s.c.). Bars represent the percentage of vessels with fenes-
trated endothelium (solid and narrow cross-hatch) and open endothelial
gaps (hatch and cross-hatch). ND, not determined. All s.c. data are taken
from Ref. 19. *P , 0.001, #P , 0.005, and ∧P , 0.05 compared with host
tissue vessels; see Materials and Methods for details on statistics.

Figure 3. Immunoblot of tumor lysates for VEGF. Tumors were grown either
s.c. or in the brain. Twenty mg of protein were resolved on a nonreducing
10% polyacrylamide gel, transferred to nitrocellulose, and blotted as de-
scribed in Materials and Methods. The VEGF:CHO tumors (VEGF) always
had the most VEGF, whereas the glioblastomas (U87 and U251) generated
the least amount of immunodetectible VEGF. Location minimally affected the
amount of VEGF in these tumors. The ;30-kd band in the U251 i.c. lane may
be a VEGF monomer, given that RT-PCR determined that VEGF 121 and 189
were not substantially produced by any tumor. This band was variably
present in other samples of tumor lysates.
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ther the same or greater when compared with Flt-1, re-
gardless of tumor implantation site. The increase in Flk-1
relative to Flt-1 was as great as 4.7-fold in the case of the
brain-implanted M1S tumor. Generally, the s.c. tumors
with the greatest amount of VEGF (Figure 3) had the most
receptor (either Flk-1 or Flt-1) (Figure 4B). s.c. VEGF:
CHO tumors had the most immunoreactive VEGF and the
most Flk-1 and Flt-1 mRNA compared with the other s.c.
tumors. However, this trend was not observed when tu-
mors were grown in the brain. U251 i.c. tumors had the
least immunoreactive VEGF, but had very high levels of
Flk-1 and Flt-1 mRNA expression, and VEGF:CHO i.c.
tumors (which had the greatest amount of VEGF) had
moderate levels expression of both VEGF-R receptors.

Vascular Density

Differences in receptor amount may be indicative of in-
creased endothelial expression of each receptor, in-
creased vascular density, or both. To address this ques-
tion, M1S and U87 tumors, grown i.c. and s.c., were
examined for vascular density by indirect immunohisto-
chemical staining for endothelium (Table 2). Only these
tumors were selected, because these tumors had the
greatest and least difference in receptor expression be-
tween s.c. and i.c. tumors (Figure 4B). Although there
was an increase in vascular density in both U87 and M1S
tumors when grown i.c. compared with s.c. (U87, 2.1-fold
increase; M1S, 1.7-fold increase, i.c. versus s.c.), this
increase is not sufficient to account for the increased
receptor expression observed in the competitive PCR
(U87-Flt-1, 3.5-fold increase; U87-Flk-1, 5.7-fold in-
crease; M1S-Flt-1, 2.4-fold increase; M1S-Flk-1, 14.3-fold
increase, i.c. versus s.c.). Therefore, the increased recep-
tor expression in i.c. tumors versus s.c. tumors as mea-
sured by competitive PCR is due more to the increase in
endothelial expression than to vascular density.

Discussion

It is now well accepted that tumors derive their vascula-
ture from surrounding tissues.24 The importance that the
host microvascular bed has in regulating the morphology
and physiology of the tumor neovasculature cannot be
underestimated.18,25 Numerous therapies that specifi-
cally target tumor vessels or rely on tumor microvascular
hyperpermeability to access the tumor cells directly are
in various stages of clinical testing.12 Although some
information on the interaction between host tissue envi-
ronment and tumor vessel physiology is available, a com-
prehensive study on how this interaction affects vascular
morphology and growth factor receptor expression has
not been published. The microvasculature of the brain
and s.c. tissues is extremely different in structure and
physiology and therefore provides an excellent model
system to study the influence of host microvascular en-
vironment on tumor neovascular development.

In a previous study, we demonstrated that neovascular
endothelium derived from the continuous endothelium of
skeletal muscle or skin became fenestrated and acquired

open endothelial gaps.19 The goal of the present study
was to determine whether host microvascular endothelia
from two different tissues were identically modified by
tumor-secreted growth factors, specifically VEGF. In
other words, does the host microvasculature determine
the morphology and therefore the function of the tumor
vasculature, or do the tumor-secreted growth factors
override all host microvascular endothelial input? To this
end, a detailed morphological analysis of vessels from
tumors growing in the brain was carried out. Given the
recent interest in developing antiangiogenesis and vas-
cular targeting therapies to control tumor progression,
understanding the role that the host microvascular envi-
ronment plays in determining the morphology and func-

Figure 4. Competitive PCR analysis of VEGF receptors. Data were acquired
from phosphor imager analysis and plotted to obtain fg of receptor per
reaction (A). Data were then normalized to mg of total RNA and plotted (B).
Flk-1 (■) and Flt-1 (u), from tumors grown in the brain (i.c.) or in the
subcutis (s.c.). Flk-1 mRNA always had equal or increased expression com-
pared with Flt-1 regardless of tumor location. Tumors grown i.c. generally
had increased expression of both receptors compared with tumors grown s.c.
Data are represented as average 6SD of triplicate experiments on two to five
tumors.
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tion of tumor vasculature is warranted. Moreover, a better
understanding of how host microvascular endothelium
determines tumor vessel morphology will influence the
design and execution of therapies against primary and
metastatic tumors.

Morphometric Analysis

The vasculature that supplies the majority of the central
nervous system has characteristically low permeability.26

Vessels in the normal brain have such low permeability
that even the smallest solutes, such as glucose and ions,
must be actively transported.27 Capillaries of the normal
brain consist of a continuous endothelium the cells of
which cells are joined by well developed and complex
tight junctions (zonulae occludentes); there are no
fenestrae and very few plasmalemmal vesicles.26 Main-
tenance of the blood-brain barrier is generally accepted
to be the result of tight endothelial junctions, lack of
transcytotic vesicles, complete basement membrane,
and tight junctions among astrocyte foot processes.
However, the loss of the blood-brain barrier is commonly
observed when tumors invade and grow into the
brain.28,29 The loss of the blood-brain barrier in tumor
vessels has been attributed to the generation of neovas-
culature with fenestrated endothelium, opened intercel-
lular junctions, and incomplete basement membrane, all
of which are seen in our tumors.30,31 Although there are
anecdotal reports describing endothelial fenestrations
and open gaps in vessels from tumors in the subcutis or
in the brain, there are no studies that systematically char-
acterize vascular morphology in identical tumors im-
planted in these two sites.32,33

The combination of drastically loose endothelial junc-
tions, patently open gaps, and fenestrations are undoubt-
edly responsible for the hyperpermeability commonly
associated with tumor microvasculature.34,35 Conspicu-
ously absent in virtually every i.c. tumor vessel observed
were extensive clusters of fused caveolae (vesiculo-vac-
uolar organelles), although fusion of two or three caveo-
lae could be readily identified. However, it is not surpris-
ing that extensive vesicle clusters were not found,
considering that brain vascular endothelium has essen-
tially no plasmalemmal vesicles or caveolae.36 Dellian et
al37 have demonstrated that neovasculature induced
from brain microvasculature (pial, as well as cortical,
vessels) were four to eight times more permeable to
bovine serum albumin than were neovessels derived

from the skin.37 However, our data demonstrate a general
reduction of i.c. tumor vessels with open gaps and fenes-
trated endothelium compared with s.c. tumor vessels. We
believe these are indications that loose endothelial junc-
tions, which were readily observed in all our tumors but
not quantitated, contribute substantially to tumor micro-
vascular hyperpermeability. Our morphometric data de-
scribing the reduced presence of fenestrations and open
endothelial gaps in i.c. tumors compared with s.c. tumors
is completely consistent with functional studies looking at
the pore cutoff size between tumors grown in cranial
window and dorsal chamber preparations.25

It is interesting to note that, of the malignant tumors,
only the glioblastomas had vessels with open gaps when
implanted in the brain. In the clinical setting, glioblastoma
multiforme neovasculature is characteristically hyperper-
meable in comparison with other tumor types. This hy-
perpermeability may be an indication that glioblastomas
have evolved to produce factors not made in the other
tumors that allow them to modify the extremely tight blood
vessels in the brain.38 This hypothesis is substantiated by
experimental data demonstrating that U87 i.c. tumors
had two times greater permeability to bovine serum al-
bumin than a murine mammary carcinoma grown i.c.,
even though the pore cutoff size was approximately two
times less, suggesting an increase in the number of
pores.25

In numerous vessels, endothelial cells that were ab-
normally thick were found. These cells were also charac-
terized by the increased number of mitochondria, poly-
somes, and rough endoplasmic reticulum in their
cytoplasm, all indicative of rapidly proliferating cells. In-
terestingly, these cells also had caveolae, which are very
rare in normal brain vessels but were generally not fenes-
trated. The fenestrated endothelium was always attenu-
ated and did not appear to be highly proliferative. It is
possible that the highly proliferative endothelial cells are
precursors of the fenestrated endothelial cells or that they
are to be found in the peripheral region of the tumors
where the tumor cells are actively growing.

The intriguing finding regarding brain tumor vascular
morphology was that VEGF:CHO tumors had significantly
more open gaps than any other tumor, even those im-
planted s.c. However, these gaps may, in fact, be fenes-
trations without diaphragms, similar to those of the fenes-
trated endothelium of the kidney glomerulus, in which
VEGF has been implicated in inducing and maintaining
this unique endothelial phenotype.39

Table 2. Vascular Density Measured in Selected Tumors

Vascular Density* factor† Flk‡ factor† Flt‡ factor†

M1S s.c. 114.9 6 16.8
1.72x

0.07
14.3x

0.09
2.44x

M1S i.c. 196.1 6 55 1 0.22

U87 s.c. 31.4 6 4.5 2.1x 0.03 5.7x 0.02 3.5xU87 i.c. 67.1 6 11.8 0.17 0.07

*Vascular density was measured by counting CD31-positive vessels in frozen sections (average 6 SD).
†Values for i.c/s.c.
‡Values relative to M1S i.c. Flk fg receptor/mg total RNA.
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VEGF and VEGF Receptor Expression

VEGF expression varied greatly among the tumors. There
was, however, no substantial difference in VEGF protein
expression attributable to tumor location. The presence
of a doublet in most tumor lysates may indicate glycosyl-
ation variants of the 165-amino acid isoform. There is a
general correlation between VEGF expression and VEGF-
induced morphological changes (ie, fenestrated endo-
thelium) when the two tumor sites are viewed indepen-
dently. Among the s.c. tumors, VEGF:CHO tumors
secrete the most VEGF and have the highest percentage
of vessels with fenestrated endothelium. Likewise, among
i.c. tumors, VEGF:CHO tumors secrete the most VEGF
and also have the greatest percentage of vessels with
fenestrated endothelium. It would be naive to suggest
that only tumor-secreted VEGF could modify the tumor
vasculature, because there are other tumor-secreted fac-
tors and other microenvironmental factors (eg, pericytes,
or extracellular matrix) that can affect vascular morphol-
ogy.19,40 This may explain the lack of a complete positive
correlation between immunoreactive VEGF in tumor ly-
sates and endothelial modification (fenestration).

Previous reports have described a remarkable induc-
tion of Flk-1 and Flt-1 in brain tumor vessels compared
with surrounding normal brain vessels.41,42 For this rea-
son, we decided to characterize Flk-1 and Flt-1 expres-
sion in s.c. and i.c. tumors. We, therefore, established a
competitive PCR assay to measure and compare Flk-1
and Flt-1 mRNA expression. Consistent with other re-
ports, Northern blot analysis for the receptors demon-
strated undetectable levels of receptor expression in nor-
mal brain and muscle, which constitute the normal host
microvasculature for i.c. and s.c. tumors, respective-
ly.11,43 We decided to develop the competitive PCR as-
say for the following reasons: 1) Northern blot analysis of
Flk-1 and Flt-1 is extremely costly, in that it requires ;20
mg of total RNA or 2 to 5 mg mRNA for satisfactory
signals; 2) quantitative analysis of the Flk-1 and Flt-1
mRNA (or protein) expression in tumors, especially iden-
tical tumor types growing in different host tissues, is
nonexistent; 3) reagents are not available to quantitate
protein expression of these receptors with sufficient sen-
sitivity; 4) except in rare circumstances, the VEGF recep-
tors are exclusively expressed on proliferating neovascu-
lature and are therefore excellent markers for
angiogenesis and vessel density44,45; and 5) recent evi-
dence suggests that vessel density is an excellent prog-
nostic indicator of patient survival and morbidity in a
number of tumors.46,47 Because our competitive PCR
method does not take into account varied efficiencies of
reverse transcription, it can only provide semiquantitative
results.48 Regardless, the competitive PCR method
proves to be an excellent tool to provide relative compar-
isons of Flk-1 and Flt-1 expression among a number of
tumor samples without necessitating exorbitant amounts
of sample tissue. Interestingly, in all tumors, regardless of
location, Flk-1 mRNA was expressed at equal or higher
levels compared with Flt-1. Differences in function be-
tween Flk-1 and Flt-1 have been alluded to by the gen-
eration and analysis of phenotypes expressed in gene

knockout animals.49,50 Furthermore, data suggest that
Flk-1, not Flt-1, is primarily responsible for the mitogenic
effects associated with VEGF.51,52

In general, there was a positive correlation between
VEGF production and receptor expression in s.c. tumors.
This was not the case with i.c. tumors. The explanation for
this is uncertain, but it may be due to other factors, such
as hypoxia and hypoglycemia, which differentially up-
regulate receptor expression.53–55 It is conceivable that
identical stimuli might not induce similar responses in the
vascular endothelium of muscle and brain, namely recep-
tor mRNA upregulation. Certainly, this was the case with
the tumor vascular morphology. i.c. tumors had higher
expression levels of both receptors when compared with
the identical tumor type grown s.c. This may represent an
increased inducibility of the receptors on brain vascular
endothelium (ie, higher receptor expression per endothe-
lial cell) or increased vascular density, commonly found
in brain tumors. Therefore, M1S and U87 tumors, grown
i.c. and s.c., were examined for vascular density by stain-
ing for endothelium. Although there was an increase in
vascular density in both U87 and M1S tumors when
grown i.c. compared with s.c., this increase was not
sufficient to account for the increased receptor expres-
sion. Therefore, the increased receptor expression as
measured by competitive PCR seen in i.c. tumors versus
s.c. tumors is due more to an increase in endothelial
expression than vascular density. This suggests that dif-
ferent microvascular beds do not respond identically, at
least in regard to the expression of the VEGF receptors,
to equivalent stimuli.

Our data on the receptor expression in the brain tu-
mors are preliminary but have generated some interest-
ing questions: 1) How does vascular endothelium from
different organs respond differently in their induction of
the VEGF receptors to similar stimuli? Is brain vascular
endothelium more/less susceptible to stimuli that induce
Flk-1/Flt-1 expression compared with other vascular en-
dothelium? 2) Is the higher expression of Flk-1 indicative
of a more prominent role in angiogenesis? 3) Can the
measurement of Flk-1 mRNA expression replace vessel
counting as a prognostic indicator of tumor progression?
Our results indicate that neovasculature in identical tumor
types is drastically different when tumors are grown in
different locations. The implications are obvious when
antitumor therapies are considered, regardless of
whether they are directed at the tumor cells or the tumor
blood vessels. These tumor vessel morphological differ-
ences affect the tumor vascular permeability and there-
fore distribution of anticancer agents.5,56 Questions re-
main as to whether the molecular, cellular, and
morphological differences in tumor vascular endothelium
must be addressed individually for each tumor site (eg,
primary versus metastatic) or whether universal charac-
teristics can be found and exploited.
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