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ABSTRACT

Some primary tumors are capable of suppressing the growth of their
metastases by presumably generating antiangiogenic factors such as an-
giostatin. We hypothesized that the amount of inhibitor(s) released by a
tumor increases with tumor growth. We tested this hypothesis by evalu-
ating the relationship between the size of a primary tumor and its ability
to inhibit angiogenesis at a secondary site. Furthermore, we characterized
the effects of the primary tumor on physiological properties of newly
formed vessels at the secondary site. Angiogenesis and physiological prop-
erties were measured using intravital microscopy of angiogenic vessels in
the gels containing basic fibroblast growth factor placed into cranial
windows of immunodeficient mice bearing human prostatic carcinoma
(PC-3) in their flank. The PC-3 tumor inhibited angiogenesis in the gels,
and surgical resection of tumor reversed this inhibition. The inhibition of
angiogenesis 20 days after gel implantation (range, 0-83%) correlated
positively (r = 0.625; P < 0.008) with the tumor size on the day of gel
implantation (range, 19-980 mm®). The primary tumor also suppressed
leukocyte-adhesion in angiogenic vessels, thus helping them evade the
immune recognition. These results provide an additional rationale for
combining antiangiogenic treatment with local therapies.

INTRODUCTION

Although complete removal of primary tumors normally is the most
effective therapy to reduce the risk of metastatic disease, in certain
cases removal of primary tumors is accompanied by a sudden accel-
erated growth of preexisting metastases at secondary sites (1). Growth
of metastases can also be inhibited by tumor mass (2). Furthermore,
the growth of a second tumor graft can be hindered by a primary
tumor (3). Based on these observations, Folkman and co-workers (4)
proposed the following hypothesis: a primary tumor, although capable
of stimulating its own vascular bed, can inhibit angiogenesis in the
vascular bed of a metastasis or other secondary tumor (4). O’Reilly ez
al. (4, 5) have proven this hypothesis by discovering angiostatin (4)
and endostatin (5). These substances specifically inhibit endothelial
cell proliferation in vitro. They also inhibit angiogenesis in vivo not
only in tumors but also in angiogenic gels implanted in the cornea of
mice (4-6).

We propose here that the amount of angiogenesis inhibitors gener-
ated by a primary tumor should increase with tumor size. Therefore,
the extent of angiogenesis inhibition at a secondary site should in-
crease with tumor size. A prerequisite to test this hypothesis is the
availability of an assay that permits in vivo quantification of both
angiogenesis inhibition and tumor size. We have recently developed
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such an assay (7, 8). In this assay, a gel containing bFGF® is placed
in the cranial window implanted in a mouse. Using intravital micros-
copy, we can measure angiogenesis and physiological properties of
the newly formed vessels in the gel. Thus, we can obtain a better
understanding of physiological and pathophysiological events during
angiogenesis inhibition at a secondary site. We designed this study to
test the following hypotheses: (a) the size of the primary tumor
correlates with its antiangiogenic potency at a secondary site; (b)
removal of the primary tumor reverses its antiangiogenic effects; and
(c) the primary tumor adversely affects the hemodynamics, leukocyte-
endothelium interaction, and microvascular permeability of newly
formed vessels in the gel.

MATERIALS AND METHODS

Animal Model, Anesthesia, Surgical Techniques, and Tumor Implan-
tation. The experiments were performed in SCID mice (age, 6-10 weeks;
mean body weight, 25.0 * 3.2 g) bred and housed in our defined flora animal
colony. A mixture of ketamine hydrochloride (Ketalar; Parke-Davis, Morris
Plains, NJ; 100 mg/kg body weight) and xylazine (Xyla-Ject; Phoenix Phar-
maceutical, St. Joseph, MO; 10 mg/kg body weight) was used as anesthesia. In
one set of male SCID mice (PC-3 mice), a piece (=1 mm in diameter) of a
human hormone-independent prostatic carcinoma (PC-3; Ref. 9) was im-
planted s.c. into the right flank. In controls, no tumors were implanted. To
facilitate surgical resection of tumors in toto at a later time, tissue-isolated
tumors were grown in four female SCID mice. These tumors are connected to
the host-vasculature with a single ovarian artery and a single ovarian vein. To
this end, the left ovary was positioned s.c. and injected with a 0.03-ml slurry
of minced PC-3 tissue in HBSS (H-9269; Sigma Chemical Co., St. Louis, MO)
into its fat pad (10). A stretched paraffin film (Parafilm; American Can
Company, Greenwich, CT), wrapped around the ovary, prevented infiltrative
tumor growth. In all animals, the preparation of the cranial window was
performed as described earlier (11).

Angiogenesis Assay. The preparation of the angiogenic gel and its implan-
tation into the cranial window have been described in detail elsewhere (7). In
brief, 20 ul of a gel containing 60 ng of human recombinant bFGF (Life
Technologies, Inc., Gaithersburg, MD) was sandwiched between two square
pieces of nylon mesh (=2.5 X 2.5 mm; Tetko, Briarcliff Manor, NY) and
placed on the pia mater inside the cranial window. bFGF was dissolved in 2.4
ul of 0.1% BSA (BSA; Sigma), 6.5 mg of aluminum sucrose octasulfate
(sucralfate; courtesy of BM Research a/s, Varlgse, Denmark), and 17.6 ul of
type I collagen (Vitrogen 100; Collagen Corp., Palo Alto, CA) neutralized
previously to pH 7.4 by the addition of 1 part of sodium bicarbonate (11.76 g/)
and 1 part of 10X minimal essential medium (Life Technologies, Inc.) to 8
parts Vitrogen 100. The mesh contained 25 to 35 squares with 300-um
interval.

Quantification of Angiogenesis. For quantification of angiogenesis, the
anesthetized animal was placed under a stereomicroscope (SMZ-1; Nikon,
Tokyo, Japan) with epi-illumination and 12.5-fold magnification (7). The
angiogenic response (R) in the gel, expressed in percentage, was calculated as
the ratio between the number of squares of the top nylon mesh containing at
least one newly formed vessel (V,.,) and the total number of squares (N,q,):
R =100 X N, /N, [%]. The inhibition of angiogenesis on day 20 after gel
implantation (/) was calculated as follows: / = 100 — R [%).

Intravital Microscopy and Permeability Measurement. /n vivo micros-
copy was performed using a microscope with epi-illumination (Axioplan;

©The abbreviations used are: bFGF, basic fibroblast growth factor; SCID, severe
combined immunodeficient; Rho-BSA, tetramethylrhodamine-labeled BSA.
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Zeiss, Oberkochen, Germany) equipped with a X20 long-working-distance
objective (LD Achroplan, X20/0.40 korr; Zeiss) and a fluorescence filter set
(Omega Optical, Brattleboro, VT). For off-line analysis, regions of interest
were recorded on video tapes using a S-VHS videocassette recorder (SVO-
9500 MD; Sony, Tokyo, Japan) and a regular charge-coupled device (CCD;
AVC-D7; Sony, Tokyo, Japan) or intensified CCD video camera (C2400-68;
Hamamatsu Photonics K.K., Hamamatsu, Japan). FITC-labeled dextran (Sig-
ma; M, 2,000,000; 0.1 ml of a 5% solution in 0.9% NaCl as a plasma marker)
and rhodamine 6G (Molecular Probes, Eugene, OR; 0.04 ml of a 0.05%
solution in 0.9% NaCl as a fluorescence dye to label WBC in vivo) were
injected i.v. to visualize the microcirculation and to measure leukocyte-endo-
thelium interaction, respectively. The effective permeability (P) to tetrameth-
ylrhodamine-labeled BSA (Rho-BSA; Molecular Probes; 0.8 mg/ml PBS) of
newly formed vessels in the angiogenic gels was measured as described
previously (11, 12). The fluorescence intensity of one selected area per animal
was measured with a photomultiplier (9203B; Thom EMI, Rockaway, NJ)
before and 1, 3, 5, 7, 9, 11, 14, 17, and 20 min after i.v. injection of a 0.12 ml
bolus of Rho-BSA.

Off-Line Analysis of Microhemodynamics and Leukocyte-Endothelium
Interaction. Inconsistency in microhemodynamic parameters can stem from
mechanical or morphological properties of vessels. To avoid this problem, we
chose only confluent, venous-like 100-um vessel segments with a straight
course and similar diameters (15.5 * 2.3 um) from five to eight regions
selected randomly per animal and time of investigation. Each of these regions
was recorded for 30 s on video tape for the evaluation of leukocyte-endothe-
lium interaction and for 60 s for hemodynamic measurements. Internal diam-
eters (D) in um and RBC velocity (vggc) in um/s were measured using a
digital video image-shearing monitor (model 908; IPM, San Diego, CA) and a
four slit photometric analyzer (model 208C; IPM), respectively, both con-
nected to a personal computer (IBM PS/2, 40SX; Computerland, Boston, MA).
The number of sticking leukocytes (Ng) is expressed as the density of cells
(WBC;) firmly adhering to the inner surface of the investigated 100-pm vessel
segment: WBCs = 10° Ng/( X D X 100) [cells/mm?]. Rolling leukocytes are
defined as a population of cells temporarily interacting with the vessel wall and
thus having a velocity at least 50% smaller than vggc. Rolling count (WBCg)
is given as a percentage: WBCyr = 100 X Np/Nypc [%], where Ny is the
number of rolling leukocytes and Nypc is the number of all nonsticking
leukocytes. Leukocyte flux (Fygc) was normalized by the cross-section area
of the observed microvessel and the observation time (¢):
Fwac = 10° X Ny J[(D/2)? X ar X 1] [cells/mm?/s). Apparent wall shear rate
(7) was derived from Poiseuille’s law for Newtonian fluid: y = (vggc/D) X 8
[1/s). Blood flow (Q) was calculated as follows: Q = vgge X D? X w4000
[pV/s].

Analysis of Tumor Volume. The size of all tumors implanted was meas-
ured using a caliper and corrected for skin thickness (0.5 mm in SCID mice).
Tumor volume (V) was obtained using the formula: Vo, = =/
6 X Doy X (Dpyn)? [mm®), where D,,,, is the maximal tumor diameter and
D, is the corresponding perpendicular diameter.

Autopsy and Histology. After sacrificing the animals at the end of exper-
iments, all mice with tissue-isolated tumors as well as some randomly selected
mice with PC-3 implanted s.c. were chosen for autopsy to scan for metastases.
In these animals, lung, liver, spleen, kidney, heart, and spine were cut in slices
for macroscopic investigation. The tissue samples were fixed in 10% formal-
dehyde and embedded in paraffin. For microscopic investigations, tissue
sections were cut and stained with H&E.

Animal Groups. Matched animal groups were used for all experiments.
The sequence of measurements between controls and PC-3 mice was selected
randomly. In PC-3 mice, the angiogenic gel was implanted when the tumor had
reached the desired size. However, before gel implantation in animals, a
minimum time of 7 days was allowed to elapse after cranial window prepa-
ration to recover from the surgery. Animals with surgery-induced brain bleed-
ing, neurological symptoms, or any sign of inflammation were excluded from
the study. To find out whether the effect of PC-3 on angiogenesis response in
the gels is reversible, PC-3 was implanted in four animals as tissue-isolated
preparation and was removed 2 weeks after gel implantation.

Statistics. Results are presented as means * SD unless specified otherwise.
Data were analyzed statistically using one-way repeated measures ANOVA.
As a multiple comparison test, Bonferroni’s Method was applied if a normality
test was passed and Friedman repeated measures ANOVA as well as Student-

Newmans-Keuls Method when normality test failed, respectively. The Pearson
Product Moment Coefficient was calculated to analyze correlations. For all
tests, Ps <5% were considered significant.

RESULTS

Quantitative Angiogenic Response and Growth of PC-3. In 17
animals bearing PC-3, the inhibition of angiogenesis on day 20 after
gel implantation correlated positively with the tumor volume on the
day of gel implantation (Fig. 14). Of these 17 animals, angiogenic
response in gel assays of 7 PC-3 mice with tumor volumes >205 mm>
on the day of gel implantation was compared with 22 controls (Fig.
1B). Beginning on day 10 after bFGF gel implantation, there was a
significant inhibition of angiogenesis in gels in PC-3 mice compared
with the control mice. On day 20 after gel implantation, the difference
in the angiogenic response between the two experimental groups
became 61%. In contrast to controls where angiogenesis significantly
increased over time, in PC-3 mice from day 14 onwards the angio-
genic response seemed to be suppressed at a constant level. Fig. 1C
shows the growth of PC-3 of the above-mentioned seven PC-3 mice
with tumors >205 mm? on the day of gel implantation.

Effect of Tumor Removal on Angiogenic Response. Surgical
removal of tissue-isolated PC-3 in four animals 14 days after gel
implantation proved that tumor-induced inhibition of angiogenic re-
sponse to bFGF was completely reversible (Fig. 1D). Within 14 days
after tumor resection, angiogenesis increased from 29.4 * 9.1% to
98.8 *+ 2.5%.

Autopsy and Histology. In all mice autopsied, macroscopic as
well as microscopic investigation of lung, kidney, spleen, liver, heart,
and spine did not reveal any sign of tumor metastases as an alternative
source for the production of growth-inhibitory substances. All organs
investigated showed normal morphology according to the age of the
mice.
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Fig. 1. Analysis of angiogenesis and tumor growth. A, correlation of the inhibition of
angiogenesis on day 20 after gel implantation in PC-3 mice (n = 17) and their tumor
volume at the day of gel implantation (r = 0.625, P < 0.008; @, single measurements).
B, angiogenic response in angiogenesis gel assays at different times after gel implantation
of controls ((J; n = 22) and PC-3 mice (ll; n = 7) bearing tumors >205 mm? on the day
of gel implantation (*, P < 0.05 versus controls; #, P < 0.05 versus previous measure-
ment). C, tumor growth of the PC-3 mice shown in B (§, P < 0.05 versus all measure-
ments 7 days or carlier). D, angiogenic response in angiogenesis gel assays of mice
(n = 4) bearing tissue-isolated PC-3 before and after tumor removal (#, P < 0.05 versus
previous measurement; @, single measurements). Bars, SD.
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Fig. 2. Microhemodynamics and leukocyte-endothelium interaction in angiogenic
vessels of controls ((J; n = 7) and PC-3 mice (l; n = 7). A, RBC velocity. B, shear rate.
C, blood flow. D, leukocyte flux. E, rolling count. F, sticking leukocytes. *, P < 0.05
versus controls. Bars, SD.

Microhemodynamics and Leukocyte-Endothelium Interaction.
Analysis of RBC velocity (Fig. 24), shear rate (Fig. 2B), and blood
flow (Fig. 2C) revealed no differences between PC-3 animals and
controls over 21 days after gel implantation. At comparable leukocyte
flux (Fig. 2D) in both groups of animals on days 7, 14, and 21 after
gel implantation, rolling count (Fig. 2E) in PC-3 mice on average was
decreased to 28, 27, and 22% of the corresponding control values. The
number of sticking leukocytes in PC-3 mice (Fig. 2F) showed a
tendency of being reduced, reaching the level of significance only on
day 14 after gel implantation. The age of the newly formed vessels in
the angiogenesis gel assay had no effect on leukocyte-endothelium
interaction.

Microvascular Permeability. No differences were found in mi-
crovascular permeability between PC-3 mice and controls at any
given time (Fig. 3). In contrast, in both animal groups the very young

" vessels on day 7 after gel implantation revealed on average 3.4- and
2.0-fold higher permeability to Rho-BSA than older vessels 7 and 14
days later, respectively.

DISCUSSION

The present data show that PC-3 can nonspecifically inhibit angio-
genesis at a secondary site. Furthermore, in support of our hypothesis,
the size of the primary tumor correlated positively with its antiangio-
genic effects at a secondary site. The angiogenesis inhibition was
completely reversed after surgical resection of the primary tumor. In
PC-3 mice during inhibition of angiogenesis, no changes in microhe-
modynamic parameters and permeability of newly formed microves-
sels were detected, whereas leukocyte-endothelium interaction was
suppressed.

Animal Model. The in vivo angiogenesis gel assay and mecha-
nisms responsible for the bFGF-induced angiogenesis have been
discussed in detail elsewhere (7, 13). The present animal model offers
a new approach with a high spatial and temporal resolution to perform
extensive qualitative and quantitative analysis of antiangiogenic ef-
fects induced by a primary tumor at a secondary site. In a similar

model where sucralfate pellets containing bFGF were implanted into
corneal micropockets of mice, microscopical investigations were per-
formed only on days 5-7 after pellet implantation (6). The present
model allows monitoring of the time course of angiogenesis over a
time period of up to 4 weeks.

Angiogenic Response. Angiostatin is most likely the substance
responsible for the PC-3-induced antiangiogenic effects observed in
the present study (14). The positive correlation between tumor volume
on the day of gel implantation and inhibition of angiogenesis on day
20 after gel implantation (Fig. 1A) gives strong evidence for a dose
dependence of the antiangiogenic effects; larger tumors produce
higher amounts of antiangiogenic substances. Animals bearing PC-3
smaller than 205 mm® showed the same angiogenic response as
controls (data not shown). In a few PC-3 mice bearing large tumors,
regression of some already established microvessels took place (data
not shown). This is in accordance with observations made by O’Reilly
et al. (5), where systemic administration of endostatin induced regres-
sion of primary tumors to dormant microscopic lesions. It was not
possible to follow PC-3 mice with tumors >205 mm? at the day of gel
implantation for >3 weeks. Because of the fast and invasive growth
of PC-3, the animals had to be sacrificed after this time. Thus, we
could not ascertain as to how long primary tumor-induced suppression
of angiogenesis would last. In the present study, surgical removal of
tissue-isolated PC-3 abrogated the antiangiogenic effects seen in
tumor-bearing animals similar to the observations in some patients
and animals (1, 2, 9). Note that the amount of bFGF in gels to induce
angiogenesis in our mouse model is relatively much higher than the
amount of angiogenic factors produced by early-stage metastases in
humans. Therefore, the relatively huge size of PC-3 tumors is neces-
sary to suppress the angiogenic response in the gels sufficiently and,
hence, should not be extrapolated on a weight-for-weight basis to the
clinical situation in patients.

Microhemodynamics and Leukocyte-Endothelium Interaction.
Leukocytes (i.e., mast cells, macrophages, neutrophils, and lympho-
cytes) are normally associated with angiogenic processes during
wound healing, inflammation, and tumor growth (15-17). They have
the potential of secreting a wide variety of substances for stimulating
angiogenesis and cell proliferation such as proteases, growth factors,
and many other monokines (18, 19). Recruitment of leukocytes from
circulation into extravascular space is dependent on a multistep cas-
cade of events involving rolling, sticking, and emigration (17, 20, 21).
The reduced leukocyte-endothelium interaction in the gels in PC-3
mice at a comparable leukocyte flux in both experimental groups
could in part explain why the angiogenic response was suppressed in
primary tumor-bearing animals. However, the exact mechanism of
action of antiangiogenic substances such as angiostatin and endostatin
still remains unclear. RBC velocity, shear rate, and blood flow did not
differ between controls and PC-3 mice or over the time within each
experimental group. Therefore, it is likely that the factors produced by
the primary tumor (e.g., bFGF and transforming growth factor B)
induced the reduced leukocyte-endothelium interaction in PC-3 mice
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Fig. 3. Microvascular permeability (P) of angiogenic vessels in controls ((J; n = 8) and
PC-3 mice (; n = 8). #, P < 0.05 versus corresponding group on day 7 after gel
implantation. Bars, SD.
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via reduced expression and/or loss of a number of adhesion molecules
on the surface of newly formed vessels in the angiogenesis gels. At
similar microhemodynamic parameters and leukocyte flux, in controls
the number of leukocytes interacting with the endothelium of newly
formed microvessels in the angiogenesis gel assay was comparable
with data of previous microcirculatory studies in tumors and normal
tissues (22). Thus, primary tumor may facilitate evasion of immune
recognition at the secondary site by suppressing leukocyte-endothelial
interaction.

Microvascular Permeability. In general, microvascular perme-
ability observed in the angiogenesis gels was much higher than in
normal tissues and similar or slightly higher than in neoplastic tissues
(11, 12, 23, 24). No differences were detected between PC-3 mice and
controls. Permeability measurements on days 14 and 21 were com-
parable with previous measurements on days 12 and 25 in the same
system (7). Additionally, we found significantly higher values for this
parameter on day 7 after gel implantation versus days 14 and 21.
Although there was no direct statistical correlation between micro-
vascular permeability and angiogenic response, it seems that vessels at
a very early stage of development are more leaky than more mature
vessels. This facilitates the extravasation of proteins, which are im-
portant for the formation of extracellular matrix for further cell
migration (25).

Conclusion. In summary, our model is suitable for investigating
the effects of growth-inhibitory factors produced by a primary tumor
on angiogenesis at a secondary site. The observed positive correlation
between the size of a primary tumor and inhibition of angiogenesis at
a secondary site as well as the reversibility of this effect after tumor
resection supports the hypothesis that local eradication or regression
of certain primary tumors may enhance angiogenesis and thus growth
of preexisting metastases elsewhere. Therefore, a cancer patient
should benefit from combined local and long-term antiangiogenic
follow-up therapies.
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