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ABSTRACT

Vascular endothelial growth factor (VEGF), also known as vascular
permeability factor, has been investigated as a potent mediator of brain
tumor angiogenesis and tumor growth. We evaluated the effect of VEGF
expression on the pathophysiology of tumor growth in the brain. Human
SK-MEL-2 melanoma cells, with minimal VEGF expression, were stably

transfected with either sense or antisense mouse VEGF cDNA and used to
produce intracerebral xenografts. Vascular permeability, blood volume,
blood flow, and tumor fluorodeoxyglucose metabolism were assessed using
tissue sampling and quantitative autoradiography. Tumor proliferation
was assessed by measuring bromodeoxyuridine labeling indices. Tumor
vascular density and morphological status of the blood-brain barrier were
evaluated by immunohistochemistry. SK-MEL-2 cells transfected with

sense VEGF (V+) expressed large amounts of mouse and human VEGF
protein; V+ cells formed well-vascularized, rapidly growing tumors with

minimal tumor necrosis. V+ tumors had substantial and significant in
creases in blood volume, blood flow, vascular permeability, and fluorode
oxyglucose metabolism compared to wild-type and/or V- (antisense
VEGF) tumors. VEGF antisense transfected V- expressed no detectable
VEGF protein and formed minimally vascularized tumors. V- tumors

had a very low initial growth rate with central necrosis; blood volume,
blood flow, vascular permeability, and glucose metabolism levels were low
compared to wild-type and V+ tumors. A substantial inhibition of intrac

erebral tumor growth, as well as a decrease in tumor vascularity, blood
flow, and vascular permeability may be achieved by down-regulation of
endogenous VEGF expression in tumor tissue. VEGF-targeted antiangio-

genic gene therapy could be an effective component of a combined strat
egy to treat VEGF-producing brain tumors.

INTRODUCTION

Antiangiogenic therapy of solid tumors was proposed by Folkman
et al. (1) more than 20 years ago, and a number of targets for
antiangiogenic therapy have been investigated. These included several
angiogenic factors, such as bFGF3 (2), angiogenin (3). and VEGF
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(4-9), as well as the use of angiostatic peptides such as endostatin

(10), angiostatin (11), and thrombospondin (12).
VEGF was originally described as a permeability factor, a tumor-

secreted protein that increases microvascular permeability in vivo with
a potency 50,000 times that of histamine ( 13). In vitro, VEGF has
been shown to promote EC-specific mitosis, induction of intracellular
Ca2 +, and EC migration. VEGF treatment of ECs initiates VEGF-

receptor (tyrosine kinase receptor) autophosphorylation, and its down
stream signal transduction cascades include phospholipase C-y, phos-
phatidylinositol 3-kinase, ras GTPase, and the oncogenic adapter

NcK. This cascade results in the induction of several proteins that are
important in the angiogenic process. These proteins include activators
of plasminogen that play a critical role in hydrolyzing the endothelial
basement membrane and the integrin subunit proteins that are impor
tant for cell migration (14-17: for review, see Ref. 18).

Brain is an attractive organ for the investigation of the role of VEGF
in tumor angiogenesis. As a host tissue, brain has a unique and clinically
important characteristic, namely, the BBB and blood-tumor barrier. Olio-

blastoma is the most common malignant brain tumor and is one of the
more highly vascularized tumors, often with a disrupted blood-tumor

barrier. Similarly, metastatic melanoma is a rapidly growing tumor in
brain and results in considerable morbidity and is frequently the direct
cause of death. Both glioblastoma and metastatic melanoma are resistant
to current modes of therapy. Recent studies on specimens of surgically
resected tumors have revealed that the expression of VEGF and its
tyrosine kinase receptor KDR/flk-1 is up-regulated in a variety of brain

tumors including glioblastoma and melanoma (19).
It was shown previously (5, 9) that suppression of endogenous

VEGF gene expression using antisense gene transfer resulted in the
inhibition of s.c. tumor growth and metastasis. Only one previous
study (20) used antisense VEGF to suppress i.e. tumor growth in mice,
but none of these studies have investigated the effects of sense and
antisense VEGF gene transfer on tumor vascular physiology and
glucose metabolism.

In this report, we applied sense and antisense gene transfer tech
nology to modulate the expression of VEGF in stably transduced V+
and Vâ€”SK-MEL-2 human melanoma cells. We continued studies

initiated by Claffey et al. (9) and examined the role of VEGF expres
sion in the progression of i.e. V+ and V- xenograft growth. We

assessed the effects of up- or down-regulation of VEGF expression on

microvascular density, blood volume, blood flow, and FDG metabo
lism of i.e. growing melanoma xenografts.

MATERIALS AND METHODS

Cell Culture, VEGF cDNA, Transfection, and Selection

Three stably transfected cell lines derived from the human melanoma cell
line SK-MEL-2 were used in these studies. Briefly, the full-length mouse

j-amino acids cDNA in sense or antisense orientation was cloned into
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an expression vector (pCMV-NEO) in which the transcription of transgene is
driven by a CMV enhancer-promoter, and a neomycin phosphotransferase

gene (G418 resistance) is driven by the SV40 promoter as described previously
(9). As a control, other SK-MEL-2 cells were transfected with vector alone
without a VEGF insert. Constitutive expression of vector-derived VEGF

mRNA (sense, antisense) was confirmed by Northern blot. Two stably trans
fected cell lines containing the murine VEGF insert with sense (SK-MEL-2
V+) or antisense (SK-MEL-2 V-) expressed high levels of vector-derived

mRNAs. SK-MEL-2 cells transfected with vector alone (SK-MEL-2 Nl)

expressed no detectable murine VEGF mRNA (9). Growth of all of the three
transfectant cell lines was tested by counting cells growing in 150-mm culture

dishes daily for 8 days (duplicate studies).

Capacity of VEGF Expression

Cells were grown in 150-mm culture dishes, and the experiments were

initiated when the cells approached near confluence. The medium was changed
3 h before cobalt chloride (CoCl,) and hypoxic atmosphere studies. Cobalt
chloride experiments were performed in a conventional incubator (20% oxy
gen and 5% CO2). In CoCl2 experiments, 250 /Â¿Ior 500 /*! of 10 mM CoCI2
were added to 25 ml of serum free medium to produce the final concentrations
of 100 /J.Mor 200 /Â¿MCoCl2, respectively. The hypoxic chamber studies were
conducted in a nitrogen controlled incubator NU3500 (NuAire, Plymouth,
MN) at 2 or 5% oxygen and 5%CO2 in a nitrogen atmosphere. Samples of
culture medium were obtained at 0, 3, 6, 12, and 24 h after exposure to CoCl2
or a hypoxic atmosphere, and assayed for human and murine VEGF concen
tration using the human and mouse VEGF ELISA kits (R&D Systems, Min
neapolis, MN). Cells were trypsinized and counted in each culture dish. The
VEGF protein concentration in the conditioned media was normalized by cell
number and medium volume in the corresponding culture dish.

Radiopharmaceutical Preparation

[18F]-FDG was synthesized by the cyclotron/chemistry core at Memorial

Sloan-Kettering Cancer Center (New York) by a nucleophilic reaction using
the modification described by Harnacher et al. (21, 22). [67Ga]-DTPA solution
was prepared mixing [67Ga]-citrate (42 Ci/mmol) solution (Mallinckrodt MÃ©d
ical. Hicksville, NY) with 0.1 volume of a 1 mM cold DTPA and 3.0 X 10~3

mol/1 CaCl2 saline solution and adjusted to pH 7.4. 4-[AÃ-methyl-uC]-IAP

(40-60 mCi/mmol) was purchased from American Radiolabeled Chemicals
(St. Louis, MO). [67Ga]-DTPA and [I4C]-IAP were assayed by high-pressure
liquid chromatography before use to confirm purity >98%. [99mTc]-labeled
RBCs were prepared by mixing ["'"Tel-sodium pertechneate with autologous

RBCs using UltraTag RBC Kit (Mallinckrodt Medical) according to the
manufacturer's protocol.

i.e. Xenograft Production and Study Protocol

The experimental protocol involving animals was approved by the Institu
tional Animal Care and Use Committee of the Memorial Sloan-Kettering
Cancer Center. RNU/rnu rats weighing 300-350 g (HarÃanSprague Dawley,

Indianapolis, IN) were anesthetized with a gas mixture containing Isoflurane
2%, 68% nitrous oxide, and 30% oxygen. A 2% lidocaine gel was applied to
the ears, and the head was fixed in a stereotaxic device. After a midline scalp
incision, bilateral burr holes were made through the skull 1 mm posterior and
3 mm lateral to the bregma. The cell suspensions were aspirated in a 100-/xl
gas tight Hamilton syringe with a 25-gauge needle and attached to a stereotaxic
device. The needle was then inserted 6 mm deep and the V + , V-, or Nl tumor
cells (5 x 10s cells in 10 jul) were stereotactically injected into opposite

hemispheres.
In experimental sets 1-3,n = 6 for each i.e. xenograft pair: (a) V- andV + ;

(b) V â€”and N1. In set 1, V + and V â€”or N l and V â€”tumor cells were injected

i.e. into opposite hemispheres, and the animals were studied 8 days later to
assess xenograft growth and vascular physiology. In set 2, V- tumor cells

were injected i.e. 2 weeks before contralateral i.e. injection of V+ orNl tumor
cells to obtain xenografts of comparable size for assessment of vascular
physiology. In set 3, V- tumor cells were injected i.e. 2 weeks before

contralateral i.e. injection of V+ or Nl tumor cells to obtain xenografts of
comparable size for blood volume measurements.

Femoral artery and vein catheters were placed under gas anesthesia. The

hind quarters were wrapped in plaster bandage up to the mid-thorax for

restraint, and the rats were allowed to recover from anesthesia for at least 2 h.
Arterial blood pressure was monitored, and body temperature was maintained
at 37Â°C with a heat lamp that was automatically controlled by a rectal

temperature probe.
For experimental sets 1 and 2 (blood flow, vascular permeability, and

glucose metabolism measurements), BrdUrd dissolved in PBS (15 mg/ml)

was injected i.v. 3 h before the animals were killed. Continuous withdrawal
of arterial blood at the rate of 0.025 ml/min (Harvard Apparatus, South-
nawtick, MA) was initiated 1-2 min before i.v. injection of 5.0 mCi of
[18F]-FDG. At 50 min after FDG injection 5 mCi of [67Ga]-DTPA was

injected. At 59 min 30 s after FDG injection a constant infusion (2 cc/min)
of [14C]-IAP (25 fiCi in 1 cc saline) was initiated (30 s before decapitation)

and arterial blood was sampled every 5 s. At 60 min after FDG injection the
experiment was terminated by decapitation, and a final arterial blood
sample was obtained.

For experimental set 3 (blood volume measurements), ["'"TcJ-labeled

RBCs were injected i.v. over 1 min. The animal was killed by decapitation 10
min later, and arterial blood was collected. The brain was rapidly removed, and
samples of tumor and normal brain were dissected, weighed, and processed for
gamma spectroscopy.

Radioactivity Assay

All tissue, blood, and plasma samples were solubilized with Soluene-350Â®

(Packard Instrument Co., Meriden, CT) and assayed for radioactivity. For sets
1 and 2 (triple-label experiments), [18F] and |67Ga] radioactivity was measured
first in a 3-channel gamma counter (AutoGamma 5550 SpectrometerÂ®: Pack

ard Instrument Co.) using narrow windows settings, splash correction, and
decay correction. After [I8F] decay (24 h, 13 half-lives), the samples were
recounted to determine [67Ga] radioactivity alone. The samples were then
stored at 4Â°Cfor 45 days to allow for [67Ga] decay (14 half-lives). A scintillant
Insta-FluorÂ®(Packard Instrument Co.) was added and [I4C] radioactivity was
determined by liquid scintillation counting (Tri-CarbÂ® Liquid Scintillation

Analyzer, Model 1600TR; Packard Instrument Co.) using external standard
quench corrections. For set 3 (single-label experiment), [99mTc] radioactivity

was determined by the gamma counter.
Triple-label Quantitative Autoradiography. Tissue processing and tri

ple-label autoradiographic techniques were described previously (23, 24).
Briefly, 22 serial coronal sections were cut at 20-jU.mthickness at intervals of
400-600 /Â¿min a cryomicrotome at â€”13Â°C.and the sections were used for
autoradiography and histology. [I8F] and [67Ga] autoradiographic standards

with different radioactivity concentrations were prepared, frozen, and cut 20
firn thick on the cryomicrotome, and the radioactivity of each standard was
measured in the gamma counter. Sixteen ('4C]-methylmethacrylate standards

(Amersham Corp., Arlington Heights, IL), previously calibrated to brain tissue
radioactivity for the range of 4.4-2354 nCi/g brain, were also used. The tissue
sections and autoradiographic standards were exposed to X-ray film (SB-5;

Kodak, Rochester, NY) for three different time intervals to generate three
separate autoradiograms. The resulting autoradiographic images have previ
ously been shown to represent the tissue distribution of [I8F], [67Ga], and [I4C]

radioactivity, respectively (24). All of the sections used for autoradiographic
exposure were subsequently fixed in acetone and stained with H&E or tolui-

dine blue.

Autoradiographic Image Analysis. Digitization and registration of corre
sponding images from the three autoradiograms and histology was performed
using a CCD-72 series video camera (Dage-MTI Inc., Michigan City, IN), a

microcomputer imaging system, and MCID software (Imaging Research Inc.,
Ontario, Canada). The optical density of the standard images on X-ray film

was measured and a standard curve that relates mean optical density to

radioactivity, expressed as % administered dose/g tissue weight, was generated
for each film. The same tissue section was used to generate each of the three
corresponding autoradiographic images as well as the histological image. The
MCID software allowed us to draw regions of interest on the histological
image based on morphological criteria, to transpose those regions to the
coregistered autoradiographic images, and to obtain measurements of mean
tissue radioactivity, Â±SD. Parametric images of tissue perfusion (F), the
lower-limit plasma clearance (influx) constant (Ai,), and relative glucose utili-
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zation (Rg|U) were also generated using MCID software and color-coded to a

range of values.

Calculations

All radioactivity measurements were converted to % injected dose/g tissue
or blood (plasma) to facilitate comparisons between different animals. Blood
volume (Vh, ml/hg) was calculated from the ["mTc]-labeled RBC data by:

Vb = (AT)/CbT) X 100 (A)

where AT is the measured radioactivity (% administered dose/g tissue) at time
T (10 min) and CbT is the arterial blood concentration (% administered
dose/ml).

Tissue perfusion (F, ml/min/g) was calculated from the IAP data (25) and
depends on the tracer distribution relationships developed by Kety (26, 27):

..,/, (B)

where /4T is the tissue radioactivity measured autoradiographically at 30 s,
Cb(t) is the concentration of IAP in arterial blood over the 30-s experimental
period, A is the tissue-blood partition coefficient of IAP, and k is a term that

incorporates F. F is calculated from:

F = U/m (C)

where m is a constant which defines the extent of tracer (IAP) equilibrium
between tissue and blood. Based on the work of Sakurada et al. (25), m was
taken to be 1.0 and Ã€was found to be equal to 0.8 ml/g.

Vascular permeability (AT,,/xl/min/g) was calculated from the [67Ga]-DTPA

data:

K, = -vhx cbr)/ c,(t)dt (D)

where }Cf(t) dt is the plasma concentration-time integral (input function).

/Cp(f) dt was calculated from the measurement of total radioactivity with
drawn during the experiment and knowledge of the rate of withdrawal and time
of exposure (28). The values of Vb for tumor and brain were obtained from the
[""Tel-labeled RBC data (Equation A above). Equation D assumes unidirec

tional movement of tracer, blood-to-tumor, and is necessary for accurate
measurements of vascular permeability from single-time experiments. To
avoid significant tumor-to-blood backflux of the tracer during the experimental

period, the experimental time was kept short (10 min; Ref. 29). AT,is a
lower-limit estimate of vascular permeability.

Rgiu (/Â¿moles/min/g) of brain and tumor (30, 31) was calculated from the
FDG data because the "lumped constant" for tumor tissue in the operational

equation of the deoxyglucose method (32) is not known:

= A-tl \ [Cp*(f)/C.t(0]</f (E)

where CpÂ°is plasma FDG and Cp+ is the plasma glucose concentration.

Histology and Immunohistochemistry Procedures

Frozen tissue sections ( 10 Â¿im)adjacent to the sections used for autoradiogra-
phy were used for morphological characterization of Vâ€”, V+, and Nl i.e.

xenografts. For BrdUrd staining, sections were incubated in 2 N HC1. After three
washes in PBS, sections were incubated in 1% hydrogen peroxide in methanol for
30 min, washed again, and incubated with the blocking serum. Then sections were
incubated with primary antibody at 4Â°Covernight. Subsequent steps were accom

plished using the Vectastain Elite kit for mouse and rabbit primary antibodies
(Vector Laboratories, Burlingame, CA) according to the manufacturer's protocol:

3,3-diaminobenzidine tetrahydrocloride was used as a chromagen that provided

brown stain. Sections were counterstained with methyl green (Vector Laborato
ries), which provided a light-green nuclear stain. Primary antibodies, dilution rates,
and fixations were as follows: (a) VEGF staining, fixed in 0.2% 2-mercaptoeth-

anol and 4% paraformaldehyde in PBS (pH 7.6) and rabbit polyclonal antihuman
recombinant VEGF|65 at 1:100 dilution (Neo Markers, Fremont, CA); (b) FVIII-
related antigen staining, fixed in acetone and rabbit antihuman FVIII-related

antigen at 1:100 dilution (DAKO, CarpinterÃa,CA); (c) EBA staining, fixed in
acetone and mouse monoclonal anti-EBA of rat SMI 71 at 1:100 dilution (Stern-

berger Monoclonals, Baltimore. MD); and (d) BrdUrd staining, fixed in acetone
for 10 min and mouse monoclonal anti-BrdUrd IU-4 at 1:100 dilution (Caltag

Laboratories, San Francisco. CA). For the BrdUrd labeling indices assay, images
of BrdUrd-stained tissues were obtained randomly using a digital video micros

copy system. The labeling indices were determined by counting more than 200
cells in a field of view (X40).

Statistics

Comparisons between region of interest mean values were analyzed by two
statistical methods. A paired / test was used for comparisons within individual
animals (e.g., between two different tumors in opposite hemispheres), and a
nonpaired t test was applied for comparisons between different sets of animals.
Significant differences were determined at P < 0.05.

RESULTS

Capacity of VEGF Expression in Vitro. All of the three transduced
cell lines (Vâ€”,Nl, and V+ cell lines) grew at equivalent rates in vitro

(data not shown). We tested for cross-reactivity of the human and mouse

VEGF ELISA kits (R&D Systems) to mouse recombinant VEGFI64 or
human recombinant VEGF)65 protein, respectively. The human VEGF
ELISA kit recognized only human VEGF (lower assay limit < 5 pg/ml),
and the mouse VEGF ELISA kit recognized only mouse VEGF (lower
assay limit < 3 pg/ml). These ELISA kits provided selective measure
ments of human VEGF protein and mouse VEGF protein concentrations
in the conditioned culture medium (Table 1). Both mouse and human
VEGF proteins were expressed in a linear fashion for 24 h.

Mouse VEGF protein was constitutively overexpressed only in the
V+ cells (320 pg/106 cells/h under 20% oxygen), and exposure of V +

cells to CoCl2 did not increase mouse VEGF production. However,
mouse VEGF protein expression was somewhat depressed in a low-
oxygen atmosphere (165 pg/106 cells/h under 5% oxygen and 119
pg/106 cells/h under 2% oxygen). Neither Vâ€”nor Nl cells expressed

measurable levels (<3 pg/ml) of mouse VEGF.

Table 1 Human and mouse VEGF protein expression over time in vitro after exposure to CoC/i or Hypoxie atmosphere <pg/Iu cells/hi

CoCl2 concentration (20% O2)
0mM100
mM200

mMHypoxie
atmosphere

5% O,
2%02SK-MEL

V - cells" SK-MEL Nlcells*human

VEGF humanVEGF(-)

123Â±4(-)
138Â±5(-)
271Â±9(-)

103 Â±8
(-) 114 Â±11SK-MEL

V+human

VEGF195

4250
3330
14138

9
181 13cells*mouse

VEGF320

13325
15320
17165

10
119 11

" Below the lower limit of human VEGF ELISA kit sensitivity (<5 pg/ml).
h Values are mean Â±SD.
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Table 2 i.e. tumor growth and proliferative activity (BrdUrd labeling index)"

Tumor volume (mm )
BrdUrd labeling index (%)SKMEL

V-tumorsset

1 (8 days) set 2 (3wk)1.6Â±
1.4* 24.8 Â±8.0

<2C 2.1 Â±3.5SKMEL

Nl tumors
(8days)12.2

Â±6.5
26.6 Â±6.2SKMEL

V+tumorsset

1 (8 days) set 2 (8days)34.0
Â±11.9* 29.5 Â±4.8*

3 1.5 Â±5.5 30.7 Â±3.4
a Values are mean Â±SD, n = 6 for each set of tumors.
* Significantly different from control Nl tumors at P < 0.0001 by ANO VA test.
c A reliable estimate of the BrdUrd labeling index was not possible because of the gradient and heterogeneity of labeled cell distribution.

Human VEGF protein was expressed by V+ and Nl cells, whereas
no detectable human VEGF protein (<5 pg/ml) was present in the Vâ€”

cell culture medium. The baseline level of human VEGF protein
expression by V+ tumor cells was high (195 pg/106 cells/h) under the

normoxic conditions and increased more when exposed to CoCl2 (up
to 330 pg/106 cells/h). Of interest, the level of human VEGF protein

expression was 1.8-fold higher in V+ cells compared with Nl cells

under both normoxic and hypoxic conditions. Human VEGF protein
expression in V+ cells was lower (138 pg/106 cells/h) under modest

hypoxia (5% oxygen) compared with that under normoxic conditions,
but increased (181 pg/106 cells/h) under more severe hypoxic condi

tions (2% oxygen). As expected, V- tumor cells expressed no de

tectable levels of either human or murine VEGF proteins under either
normoxic (20% oxygen) or hypoxic conditions (low-oxygen atmo

sphere or CoCl2). This observation indicates a near complete blockade
of human VEGF expression and absence of human VEGF induction
by hypoxia in transduced V- tumor cells (Table 1).

Growth of i.e. Xenografts. i.e. growth of the three tumor cell lines
(V+, V-, and Nl) was assessed at 8 days after i.e. implantation into

immunodeficient RNU/rnu rats. Tumor volume measurements were
obtained and morphological characteristics were assessed in H&E-

stained sections. V+ xenografts were significantly larger than Nl
xenografts, and V- xenografts were significantly smaller than Nl
xenografts (Table 2; Fig. \A). Although V- xenografts were small, all

of the xenografts had a relatively large area of central necrosis (Fig.
1, C and D). V- xenografts initially grew very slowly but reached a

modest size 3 weeks after i.e. inoculation (Table 2; Fig. IE). The
necrotic area of 3 week-old Vâ€”xenografts was always larger than

that in V+ or Nl xenografts of corresponding size.
Tumor cell proliferation in the brain was assessed by BrdUrd

labeling index. In the V+ xenografts, a homogeneous pattern of active
proliferation was observed 8 days after i.e. inoculation, which was
consistent with other results in set 1 and set 2 studies (Table 2; Fig.
IÃŸ).In contrast, low proliferative activity was observed in the V-

xenografts 8 days after i.e. inoculation (set 1 study); the BrdUrd-

positive cells were observed mainly in the periphery of the xenografts
(Fig. 1, C and D). Three weeks after i.e. injection of Vâ€”cells (set 2

study), the BrdUrd labeling index was more homogeneous (Fig. IK)
but significantly lower than that in V+ (Fig. \L) or Nl xenografts
growing in the opposite hemisphere (Table 2).

Tumor Blood Volume, Blood Flow, Vascular Permeability, and
Relative Glucose Utilization. Measurements were performed 8 days
after i. c. injection of V+ and Nl cells and 3 weeks after V- cell

injection to achieve comparable xenograft size (Fig. \E). Blood vol
ume of V+ xenografts was very high (4-fold more than that of Nl
xenografts); blood volume of the V- xenografts was lower than that

of N l xenografts but slightly higher than normal brain cortex (Table
3). Blood flow was homogeneously high in V+ xenografts and very
low in Vâ€”xenografts (Table 3; Fig. Iff). Blood flow in Nl xenografts
was intermediate between that in V+ and V- xenografts (Table 3).
The [67Ga]-DTPA images showed a clear difference in vascular

permeability between the V+ and Vâ€”xenografts (Fig. IF). Vascular
permeability (Kt) measured with [67Ga]-DTPA was 45-fold greater in

V+ xenografts compared to that in V- xenografts, and 32-fold

greater than that of Nl xenografts (Table 3). Mean FDG uptake and
Rg)u were lower in the Vâ€”xenografts compared to the V+ (Fig. 1C)
and Nl xenografts (Table 3). The pattern of Rglu in V- xenografts

was heterogeneous. A rim of relative hyper-metabolism was observed
in the margin of V- xenografts (Fig. 1C) that consisted of sparsely

distributed islets of invading tumor cells in brain parenchymal tissue
adjacent to the tumor (Fig. 1, C, D, N, and P).

Tumor Vasculature. An expansive pattern of tumor growth in the
brain was observed with all of the three cell lines. However, the
margin of V- xenografts contained sparse islets of tumor cells that

appeared to be invading adjacent brain tissue (Fig. l,C, D, N, and P).
Immunohistochemical staining for EBA and FVIII was performed to
evaluate tumor and brain vasculature. In V+ xenografts, the absence
of EBA-positive vessels was observed not only within the tumor but

also along the tumor margin and in the adjacent brain beyond the
tumor margin (Fig. \M). The distance between the tumor margin and
EBA-positive vessels was 0.46 Â±0.18 mm and 0.15 Â±0.06 mm in
V+ and Nl xenografts, respectively. In V- xenografts, EBA-positive
vessels were observed in adjacent brain as well as within the V-

xenograft mass (Fig. \N). The V+ xenografts were better vascular-
ized than the Nl or V- xenografts. Large FVIII-positive vessels were

noted to branch and penetrate directly into the xenografts from adja
cent brain (Fig. \O). This branching and penetration pattern was
uncharacteristic of the Vâ€”xenografts (Fig. IP).

DISCUSSION

Neovascularization plays an important role in tumor progression
and metastasis. One of the key mediators of angiogenesis is VEGF, a
multifunctional growth factor that is overexpressed and secreted by a
majority of human and animal tumors (33-42). To further elucidate

the pathophysiological effects of VEGF induced during tumor growth,
we used tumor cells in which the capacity of VEGF expression has
been modulated by sense or antisense VEGF cDNA transfection, as
described earlier by Claffey et al. (9). The rationale for using sense
and antisense VEGF cDNA transfected cells is that this approach
allows for the selection of tumor cell clones with defined constitutive
and inducible levels of VEGF expression. Our results complement the
previous report by Claffey et al. (9) and provide additional evidence
that VEGF plays an important role in facilitating tumor growth in
brain by stimulating tumor neoangiogenesis and by altering both
tumor and adjacent host tissue vascular physiology.

SK-MEL-2 human melanoma cells with low levels of human

VEGF expression were stably transfected with murine sense VEGF
cDNA (V+ cells) and with murine antisense VEGF cDNA (V-

cells); a vector-only transfected cell line was used as a control (Nl

cells). The V+ cell line expresses both human and mouse VEGF in
culture. Human VEGF expression by V+ cells was up-regulated by

exposure to CoCl2, whereas mouse VEGF was constitutively high and
was not further up-regulated. This observation is consistent with the
absence of an effective promoter element for up-regulating the ex
pression of the transduced mouse VEGF gene under hypoxic condi-
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Fig. 1. Panels A-D, i.e. V+ and Vâ€”human melanoma xenografts 8 days after i.e. injection of 5 X IO5 V+ and Vâ€”tumor cells into the left and right hemisphere, respectively,

of a RNU/rnu rat. The H&E-stained macrohistology of the brain xenografts (A) and BrdUrd immunohistochemically stained tumor regions (B-D) inelude a high-power view of the V +
tumor (B) showing a high labeling index, a low-power view of the Vâ€”tumor (C) showing central necrosis (letter AOand proliferation along the tumor periphery, and a high-power
view of the same V- tumor (D\ letter A' indicates necrosis). Panels E-P. a RNU/rnu rat with a left hemisphere V+ human melanoma xenograft (8 days after i.e. injection of 5 X 10s
V+ tumor cells) and a right hemisphere V- human melanoma xenograft (3 weeks after i.e. injection of 5 X IO5 Vâ€”tumor cells). The H&E-stained macrohistology of the xenografts
(E) and triple-label quantitative autoradiographic images of vascular permeability (K, for [ft7Ga]-DTPA: panel F), relative glucose metabolism {RÂ¥,ufor [18F1-FDG; panel G). and blood
flow (tissue perfusion measured with [I4C]-IAP: panel H) are shown. The histology and autoradiographie images were generated from the same tissue section; the autoradiograms are
color-coded to a range of values shown in the scale bar at the right of each panel. Note the high vascular permeability of the V + tumor compared with the V - tumor and normal brain
tissue (panel /O; the lower relative glucose metabolism for the Vâ€”tumor compared with the V+ tumor and the hypermetabolism in brain adjacent to the Vâ€”tumor (G'); and the low
blood flow in the Vâ€”tumor (particularly at the center of the tumor) compared with the V+ tumor (//). / and J, magnification views of the V4- xenograft shown in panels E and /â€¢",

respectively. Note the increase in vascular permeablily of brain tissue adjacent to the V+ tumor (7); brain adjacent to the V+ tumor shows no macroscopic infiltration of tumor cells
beyond the tumor margin (/). K and L, BrdUrd immunohistochemically stained V- and V+ tumor regions, respectively; note the difference in labeling index between the V- and
V+ xenografts. M and N, EBA staining in V+ and V- tumors, respectively (letter T indicates tumor). EBA staining of blood vessels is absent in V+ tumors and in brain adjacent
to the V+ tumor (Af), whereas EBA-stained blood vessels are seen in brain immediately adjacent to the Vâ€”tumor margin and in the periphery of the Vâ€”tumor itself (AO.O und P,
FVIIl-related antigen staining in V+ and V- tumors, respectively. The FVlll-positive vessels (arrows) branch and penetrate directly into the V+ tumor from the adjacent brain (panel
O). This vascular branching and penetration pattern is not seen in the Vâ€”tumor (pane! P).
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Table 3 Blood volume, blood flow, vascular permeability, and glucose uptake of different VEGF-expressing tumors and normal tissues"

SK-MEL V + tumors
SK-MEL V- tumors
SK-MEL Ml tumors
Frontal cortex
Corpus callosumBlood

volume ml/100 g
(n =3)7.29

Â±0.96''
1.26 Â±0.16e

1.99 Â±1.03
0.96 Â±0.05
0.50 Â±0.05dBlood

flow ml/min/100 g
(n =6)160

Â±29h
81 Â±28r

105 Â±22
200 Â±14

47 Â±12Vascular

permeability fil/min/g
(Â«=6)3.17

Â±Q.61h
0.07 Â±0.02C

0.10 Â±0.05
0.04 Â±0.02
0.08 Â±0.03Glucose

uptake /Â¿mol/min 100 g
(n =6)40.3

Â±17.4
29.3 Â±17.5
35.1 Â±10.1
43.6 Â±4.6
22.1 Â±2.9

a Values are mean Â±SD.
''Significantly different from control Nl tumors at P < 0.001 by ANOVA test.
' Significantly different from V + tumors at P < 0.0001 by ANOVA test.

Blood volume value of corpus callosum was quoted from Nakagawa et al. (48).

lions. Mouse VEGF expression in V+ tumor cells is driven by the
CMV promoter and is constitutive. Thus, V+ xenografts (that devel
oped after i.e. injection of V+ cells) grew much more rapidly in rat
brain and had higher blood volume, perfusion, vascular permeability,
and FDG uptake than Nl or Vâ€”xenografts. This is not surprising,
given the level of mouse VEGF expression by V-t- cells and the fact

that mouse and rat VEGF proteins are nearly homologous with only a
two-amino-acid difference (43).

The observed differences in VEGF expression by the V + , V-, and N l

tumor cell lines in culture corresponded to measured differences in
growth rate, blood volume, perfusion, vascular permeability, and Rglu in
corresponding i.e. xenografts in animals. The morphological differences
between V+, V-, and Nl xenografts with respect to neovascularization

(FVIII staining) and integrity of BBB (EBA staining: Refs. 44, 45) were
also related to VEGF expression and to local vascular physiology (tumor
blood volume, perfusion, vascular permeability). Several interesting mor
phological correlates with local vascular physiology were noted. There is
good correspondence between the absence of EBA-stained vessels in the
brain adjacent to V+ xenografts (approximately 0.4-0.5 mm from the

tumor margin) and a peritumoral zone of increased vascular permeability
(Fig. 1, 7 and J). These observations suggest that mouse VEGF that is
produced by V+ xenografts penetrates adjacent brain tissue and can alter
the permeability of the adjacent brain-tissue vasculature. The corollary
observation is the presence of EBA-stained vessels in the periphery of
Vâ€”xenografts and that these tumors are associated with very low levels

of vascular permeability.
Blood volume of the V+ xenografts was 7-fold higher than normal

cortex and significantly higher than that of other experimental brain
xenografts including RG2 (46) and C6 gliomas (47). Blood volume of
V+ xenografts was 6-fold higher than that of V- xenografts. This

difference in vascular volume was associated with marked vessel
hyperplasia and branching in V+ xenografts; there were no similar
vascular features in Vâ€”or N l xenografts. In comparison with the

reference Nl xenografts, the difference in vascular volume of V+
xenografts was considerably greater than the difference in xenograft
perfusion (3.7- and 1.5-fold, respectively). This indicates that an

increase in tumor vascularity (vascular volume) does not necessarily
result in a similar increase in tumor perfusion. The vascular transit
time can be calculated from the ratio of vascular volume/tissue per
fusion (Vfc/F); for V + , Vâ€”,and Nl xenografts, the transit times were

2.7, 0.9, and 1.1 s, respectively. Compared with that of normal rat
brain (0.5 s; Ref. 48), the long transit time through V+ xenograft
blood vessels suggests "sluggish" flow.

Another issue related to the increase in vascularity of V+ xe
nografts is the interpretation of the 32-fold difference in K, for
[67Ga]-DTPA measured in V+ and Nl xenografts. Does this differ

ence in K, reflect an actual change in vascular permeability of V+
xenografts or does it reflect a substantial difference in capillary
surface area? Because K, is relatively low compared with F, the value
of K, will approximate the permeability surface area product (PS) of
the vasculature, and vascular permeability can be calculated if S is

known. When vascular density, vascular volume, and capillary surface
have been measured in tumors and normal tissue, the ratio of capillary
surface area/vascular volume is usually lower in tumors. This is
consistent with morphometric data demonstrating larger diameter
vessels in brain tumors compared with normal tissue (49). Also, it is
consistent with findings reported elsewhere that neovasculature in
duced by VEGF is fenestrated (50).

Thus, the K, data reported here are likely to reflect a greater
difference in vascular permeability than vascular surface area between
V+ and Nl or Vâ€”xenografts. The continuous stimulation of ECs by

VEGF in the V+ xenografts may also result in vasodilatation (51) of
tumor vessels along with the BBB disruption. These results provide
additional evidence (see Ref.40) that an increase in microvascular
permeability represents the first step in a cascade of pathophysiolog-

ical events involved in tumor neoangiogenesis and progression.
SK-MEL-2 human melanoma cells stably transfected with mouse

antisense VEGF cDNA (V- cells) expressed no detectable level of
either human or mouse VEGF protein in vitro. The growth of i.e. Vâ€”

xenografts was quite different from i.e. V+ xenografts. Eight days
after i.e. inoculation, the proliferation of V- tumor cells was pre

dominantly localized to the tumor margin. A reliable estimate of the
BrdUrd labeling index for 8-day Vâ€” xenografts was not possible

because of the periphery-to-center gradient in these small tumors. All
of the Vâ€”xenografts (n = 6) had a proportionately large area of
central necrosis. The BrdUrd labeling index data suggests that Vâ€”

tumor cell proliferation is limited to the margin of these small tumors,
whereas central tumor regions undergo necrosis because of inadequate
vascularization and shortage of nutrient and oxygen supply. Never
theless, 3 weeks after i.e. inoculation of the V- cells, V- xenografts

reached a moderate size. The overall BrdUrd labeling index in these
Vâ€” xenografts was more homogeneous, but still quite low

(2.1 Â±3.5%), even along the tumor margin. The retardation of i.e.
Vâ€”xenograft growth was also evident from the results of a prelim

inary survival study. The median survival was more than 4 weeks after
unilateral i.e. inoculation of Vâ€”xenograft cells (n = 4), whereas the

median survival after unilateral i.e. inoculation of V+ xenograft cells
was only 13 days (n = 4).4

Ischemie brain tissue has been shown to be associated with high
FDG accumulation (high glucose utilization). This observation has
been interpreted to reflect an uncoupling of cerebral blood flow and
oxidative glucose metabolism, namely, a shift to anaerobic glucose
metabolism to meet the energy requirements of ischemic/hypoxic
brain tissue (52). A similar pattern of low blood flow and high FDG
accumulation has been reported in prenecrotic tumor regions (53).
Recently, we reported a similar ischemic/hypoxic stimulation of glu
cose utilization (FDG accumulation) in focal regions of three different
i.e. rat tumors (24). In vitro studies in human cancer cell lines have
also shown that acute and chronic hypoxia results in an increase of

4 Unpublished data.

4190

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/18/4185/2467820/cr0580184185.pdf by guest on 19 M

ay 2023



SUPPRESSION OF BRAIN TUMOR ANCIOOENESIS BY V- EXPRESSION

glucose (FDG) utilization (54), which is coupled with up-regulation of
GLUT-1 transporter and VEGF expression. The up-regulation of
GLUT-1 transporter and VEGF expression during hypoxia appears to

be mediated mainly through mRNA stabilization rather than increased
mRNA transcription (55).

A paradoxical pattern of glucose metabolism was observed in Vâ€”
i.e. xenografts. One would expect Vâ€”xenografts to be more hypoxic

and to have a higher level of anaerobic glucose metabolism (higher
FDG accumulation) than corresponding Nl and V+ xenografts. Sur
prisingly, Rglu was low in Vâ€”xenografts compared to that in V+ or
Nl xenografts (P < 0.001; paired / test). Viable areas of V- xe

nografts with densely packed tumor cells are likely to be hypoxic, and
this was reflected by low blood flow and central necrosis. More
peripheral regions of V- xenografts also had low blood flow, but they

were not necrotic. Surprisingly, Rglu in the viable-appearing, more
peripheral zone of V- xenografts was low. In contrast, a rim of

relatively high glucose utilization was observed in adjacent brain
parenchyma along the margin of the V- xenografts. As indicated
above, this marginal zone of brain parenchyma adjacent to V-

xenografts contained microscopic islets of invading tumor cells. It is
likely that the brain parenchyma between the islets of infiltrating Vâ€”

xenograft cells was hypoxic (as reflected by a substantially lower
blood flow in this marginal zone) and contributed to the measured
increase in Rg]u. This observation suggests that V- cDNA not only

down-regulates VEGF expression but also suppresses up-regulation of

the glycolytic pathway in tumor tissue or may inhibit the transition
from aerobic to anaerobic glycolysis that occurs in hypoxia.

Our results are in agreement with the results of other investigators who
targeted VEGF for developing antiangiogenic therapeutic approaches. A
significant inhibition of tumor growth was reported using Vâ€”and mono
clonal antibody to VEGF (4-9,56). The vascular permeability of i.e. Vâ€”

xenografts was found to be similar to that of normal brain tissue in our
study. This result demonstrates that the induction of neovascularization
and vascular permeability in i.e. SK-MEL-2 tumors was effectively

blocked by inhibition of endogenous expression of VEGF with antisense
cDNA in V- xenografts. In contrast, overexpression of VEGF results in

enhanced tumor growth (9, 56-58), and the vascular permeability of i.e.
V+ xenografts was found to be 45-fold greater than V- xenografts and

79-fold greater than normal brain (Table 3). In a recent paper by Yoshiji

et al. (56), an important question relating to the role of VEGF at different
stages of tumor growth was raised. This study demonstrated that the
suppression of VEGF production had no effect on the growth of large
tumors (late stage), although it resulted in a marked inhibition of the small
tumor growth (early stage). It was suggested that the production of bFGF
and TGF-a or other as-yet-unidentified angiogenic factors in the larger

tumors could adequately compensate for the loss of VEGF and promote
angiogenesis and tumor growth (56). Also, a number of putative angio
genic factors including small molecules (e.g., prostaglandins; Ref. 59) as
well as many cytokines (e.g., TGF-a, TGF-/3, tumor necrosis factor a,

bFGF, KGF, PDGF, PAF) secreted by tumor cells have all been shown
to up-regulate VEGF expression in other (nontumor) cells (60-69).

Under these conditions, parenchymal cells adjacent to or within the
margin of the tumor could be stimulated to produce VEGF and in turn
induce neoangiogenesis and promote tumor growth.

These relationships may also explain the slow progression of i.e.
Vâ€” tumors observed in our studies, despite an almost complete
inhibition of VEGF expression by Vâ€”tumor cells. A likely reason for
the progression of Vâ€”xenograft growth is the retained ability of Vâ€”

cells to invade surrounding brain tissue, which is probably caused by
the expression of invasion and molility factors and the ability of Vâ€”

cells to proliferate (at least initially) in the tumor margin. This would
also explain the pattern of tumor proliferation and growth in the
marginal zone of small Vâ€”xenografts in contrast to the nonprolifer-

ating, ischemie central zone, which undergoes necrosis. In addition,
large central necrosis would likely contribute growth-promoting cy

tokines, especially bFGF, which would have pleitropic effects on the
periphery of the tumor. Xenograft growth would continue as tumor
cells fill the space between invading islets resulting in the formation
of a more compact peripheral tumor layer as the deeper, less well
vascularized portions of the tumor eventually undergo necrosis. This
hypothetical sequence of tumor proliferation and growth is consistent
with the much larger area of central necrosis observed in Vâ€”xe

nografts as compared to Nl and V+ xenografts.
In conclusion, i.e. V- xenografts derived from antisense-trans-

fected human SK-MEL-2 melanoma cells were found to have sub

stantially different growth, vascular physiology, and glucose metab
olism in comparison with control and constitutive VEGF secreting
V+ xenografts. These findings indicate that VEGF should be consid
ered as a target for antiangiogenic therapy of malignant brain tumors.
Effective V- gene therapy of malignant brain tumors may require the

development of new and more efficient vector systems for optimizing
gene delivery and gene expression.
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