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ABSTRACT

An in vivo model of tumor-induced angiogenesis was used to monitor
two known inhibitors of angiogenesis, protamine sulfate and the steroid
tetrahydro S. Tumor cells entrapped in alginate beads were injected s.c.
into mice. Blood vessel induction was measured by two quantitative
methods: measurement of hemoglobin at the alginate pellet site, and
pooling of radiolabeled RBC to the alginate pellet site. The two methods
gave parallel results. Tetrahydro S with or without heparin inhibited
blood vessel growth by 50%, and protamine sulfate inhibited blood vessel
growth by 85%. These results were supported by gross morphology and
histolÃ³gica!analysis of the alginate pellet site.

INTRODUCTION

Angiogenesis, the growth of new blood vessels, is important
in the normal physiological processes of embryonic develop
ment (1,2), and the adult female reproductive cycle (3). Blood
vessel growth is also a component of immunological reactions,
such as delayed type hypersensitivity (4), chronic inflammation
(5), and wound healing (6). Folkman has hypothesized that the
growth of solid tumors may depend on continued angiogenesis
in the surrounding area and suggested that inhibitors of new
vessel growth might be used to control tumor expansion (7).

Two compounds, protamine sulfate and the steroid tetrahy
dro S with heparin, have been shown to inhibit tumor growth
or cause tumor regression (8, 9). Protamine sulfate is an argi
nine rich basic protein found in sperm that can bind heparin. It
inhibits capillary proliferation (8) and migration of heparin-

stimulated capillary endothelial cells (10). It is thought to
inhibit the mitogenic effects of the angiogenesis-inducing fac
tors aFGF2 and bFGF by interfering with their binding to the

FGF receptor (11). Certain steroids in the presence of heparin
inhibit angiogenesis (3) and cause regression of tumors (12). It
has been suggested that angiostatic steroids in the presence of
heparin may affect the basement membrane in growing capillary
vessel (3).

The purpose of the present study was to determine if the
quantitative in vivo angiogenesis model in mice could be used
to detect potential inhibitors of tumor-induced blood vessel
growth. Previous work in our laboratory has shown that meas
urements of pooled radiolabeled RBC and local hemoglobin
concentration at the alginate-tumor pellet site can provide a
quantitative means of assessing blood vessel presence (13).
Protamine sulfate, tetrahydro S alone, and tetrahydro S plus
heparin all caused reduction in local radiolabeled RBC and
hemoglobin concentrations at the alginate-tumor pellet. Hepa
rin enhanced the inhibitory effect of tetrahydro S. The quanti-
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tative results were borne out by macroscopic observations of
reduced new blood vessel formation.

We hope to use the techniques used in this work as means of
testing possible inhibitors of tumor-induced angiogenesis, and

for assessing the role of heparin in the action of angiostatic
steroids.

MATERIALS AND METHODS

Mice. Female VAF BALB/c mice, approximately 8 weeks old
(Charles River Laboratories, Inc., Wilmington, MA), were used in these
experiments. The animal weights were taken before and during drug
administration.

Tumors. Originally the Lewis lung carcinoma (LL2) was isolated
from the lung of a C57BL/6 mouse (14). The LL2 cell line (ATCC
CRL1642) was cultured in Dulbecco's minimal essential medium sup

plemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 units/
ml penicillin, SOMe/ml streptomycin, Eagle minimum essential medium
vitamins, and Eagle minimum essential medium nonessential amino
acids.

Drugs. Heparin sodium (Daiichi Pure Chemicals Co. Ltd., Tokyo,
Japan), protamine sulfate (CalBiochem Co., San Diego, CA), and

Table l QuantitÃ¤ten of tumor-induced blood vessel growth
Female BALB/c mice were given injections of alginate alone or 10' to 10s LL2

entrapped in alginate; l h prior to cervical dislocation. "Cr-labeled mouse RBC
were injected i.v. The pooling of radiolabeled RBC was determined by gamma
counting the alginate pellet.

Tumor cellno.OLL2-alginate

1 x IO3LL2-alginate
1 x 10"LL2-alginate
1 x 10s LL2-alginateDayS2,741

Â±1,081Â°'*
2,866 Â±1,571
6,721 Â±l,880rf
6,959+ 1,762Â¿Day

115,920

Â±681
9,892 Â±2,571r

23,603 Â±5,744'
20,750 Â±1,425'

* n = 5 mice/group at each time point.
* Mean Â±SEM counts/min/g of tissue.
' Significantly different from controls (P < 0.02) by Student's ( test.
d Significantly different from controls (P < 0.01 ) by Student's t test.
' Significantly different from controls (P < 0.001 ) by Student's t test.

Table 2 Inhibition of tumor-induced angiogenesis by protamine sulfate
Female BALB/c mice were given injections of alginate alone or 3 x IO4or 3

x 10' LL2 entrapped in alginate. The dosage of protamine sulfate was 60 mg/

kg/day i.p., while the heparin was delivered p.o. at a dosage of 300 mg/kg/day.
Drug treatment began the day of tumor alginate administration, or was delayed
until the sixth day and continued until the tenth day.

Inhibition of angiogenesis (%)
3x10* LL2-Alginate 3x10' LL2-Alginate

A. Quantitation of "Cr-RBC pooling at the alginate pellet site
Treatment continuous

Saline O** O*

Protamine 91 82
Protamine + heparin 70 56

B. Quantitation of [I ll>|' at the alginate pellet site

Treatment delayed
Saline 0*
Protamine 77
Protamine + heparin 20

0Â»

so
3

Â°n = 20 mice/value.
* The LL2 tumor groups receiving saline had the maximum level of pooling of

RBC. Each treatment group was compared to the saline control to determine the
degree of inhibition.

' [Hb], hemoglobin concentration.
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QUANTITATION OF ANGIOGENESIS INHIBITORS

12.5 xl

Fig. 1. Gross morphology of alginate-pellel site. Alginate control or alginate-tumor cells were injected s.c. at the midline of the peritoneal cavity of BALB/c mouse.
Drug treatment was started the day tumor cells were administered and was continued for 10 days. The BALB/c mice were sacrificed and the alginate pellet was
exposed on the peritoneal lining for photographic documentation with a Microflex mounted on a Nikon stereoscopic microscope SMZ10. (A) 3 x 10* LL2-alginate
treated with heparin at 300 mg/kg/day; (B) ÃŒIx 10" LL2-alginate treated with saline control; (C) OLL2-alginate treated with methylcellulose vehicle; (D) 3x10*
LL2-alginate treated with tetrahydro S at 300 mg/kg/day; (Â£)3x10* LL2-alginate treated with tetrahydro S plus heparin, both at 300 mg/kg/day; (F) 3 x 10* LL2-

alginate treated with protamine sulfate at 60 mg/kg/day. x 2.5.

tetrahydro S, also known as 5/J-pregnane-3a,17a,21-trioI-20-one
(Sigma Chemical Co., St. Louis, MO) were used.

Tumor Cell Preparation. LL2 cells were washed, counted, and resus-
pended in supplemented Dulbecco's minimal essential medium. A

suspension of cells was mixed with sterile 1.2% sodium alginate (Alle-
pro, Inc., Rockland, MA) to give final concentrations of 0.8% sodium
alginate and 1 to 5 x IO6cells/ml. The mixture of alginate and cells or

0.8% alginate in 0.15 M NaCl (control) was pumped through a spray
nozzle into a swirling bath of 80 mM CaCI2. Calcium alginate beads
containing cells or calcium alginate control beads were washed 3 times

in 0.15 M NaCl. The number of cells entrapped was determined by
mixing 1% EDTA in 0.15 M NaCl (1:1) with beads containing cells.
The beads are dissolved by this procedure and the cells were counted
with trypan blue to determine cell viability. Alginate beads without cells
were used to dilute the solution of alginate-entrapped cells, so as to
deliver appropriate numbers of cells to the animal.

Experimental Procedure. Mice were given injections s.c. along the
peritoneal midline of 0.1-0.2 ml alginate-entrapped LL2 cells or algi
nate beads without cells (control), so that a pellet of beads was formed.
After a given period of time (from 1 to 2 weeks) the animals were given
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QUANTITATION OF ANGIOGENESIS INHIBITORS

Fig. 2. HistolÃ³gica! staining with H & E. After 10 days of drug treatment tissue samples were embedded in paraffin and 5-jim sections were stained. (A) and (B)
3 x IO4 LL2-alginate treated with saline; (C) OLL2-alginate treated with saline; (D) 3 x 10" LL2-alginate treated with 300 mg/kg/day of tetrahydro S; (Â£)3 x 10*
LL2-alginate treated with tetrahydro S plus heparin, both at 300 mg/kg/day; (F) 3 x IO4 LL2-alginate treated with protamine sulfate at 60 mg/kg/day. A, C, D, E,
F, x 10; B, x 40. The arrows indicate the presence of a cross-section through a blood vessel. In Fig. IB not all vessels are indicated with an arrow.

injections i.v. of "Cr-labeled mouse RBC. After at least 1 h, the animals

were killed by cervical dislocation. The alginate pellets containing the
induced blood vessels on the peritoneal lining and overlying skin flap
were excised and weighed, then counted on an 1KB gamma counter.
Some pellets were crushed in water and the Drabkin and Austin assay
(15) was performed to determine the amount of hemoglobin present.
The results were reported as cpm/g of tissue from the pooling of
radiolabeled RBC or the amount of hemoglobin/g of tissue at the pellet
site. The percentage of inhibition of angiogenesis was determined by
comparing the LL2-alginate drug treatment groups to the LL2-alginate
saline or vehicle control treatment groups. The pooling of radiolabeled

RBC and the hemoglobin concentration at the site provide quantitative
analysis of blood vessel induction. The two methods gave parallel
results. Macroscopic observation with a dissecting microscope con
firmed the numerical results. Photographs were taken by using 35-mm
64ASA Kodachrome slide film.

Protamine Sulfate or Steroid plus Heparin Treatments. In the prota
mine sulfate experiment BALB/c mice were given injections of alginate
beads alone or 3 x IO4LL2 or 3 x 10* LL2 entrapped in alginate. The

treatments included the vehicle control of 0.15 M NaCl, protamine
sulfate at 60 mg/kg/day in 0.15 M NaCl, heparin at 300 mg/kg/day in
water, and protamine sulfate plus heparin. The protamine sulfate was
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QUANTITÃ„TEN OF ANGIOGENESIS INHIBITORS

Fig. 3. Gross morphology of the regression of tumor-induced blood vessels by tetrahydro S. BALB/c mice were treated for 10 days with the indicate compounds:
drug treatment began the day the tumor cells were administered. In A. the arrowheads demarcate the alginate pellet from the mouse tissue. (A) 1.5 x 10* LL2-alginate
treated with methylcellulose vehicle; (B) OLL2-alginate treated with tetrahydro S plus heparin. both at 300 mg/kg/day; (C) 1.5 x IO4 LL2â€”alginate treated with
hep,mn at 300 mg/kg/day; (D) 1.5 x 10* LL2-alginate treated with tetrahydro S plus heparin. both at 300 mg/kg/day. x 1.

injected i.p. and the heparin was administered p.o. Mice were treated
daily for 5 or 10 days as indicated. In the tetrahydro S and heparin
experimental treatment group BALB/c mice were given injections of
alginate beads alone or 1 x IO5 LL2 entrapped in alginate. The

treatments included saline, the vehicle control of methylcellulose, hep
arin at 300 mg/kg/day, tetrahydro S at 300 mg/kg/day in methylcel
lulose, and tetrahydro S plus heparin. The tetrahydro S was injected
i.p. and the heparin was administered p.o. Mice were treated daily for
10 days.

Histological Analysis. For histolÃ³gica!analysis the abdomens of mice
were shaved. The alginate or LL2-alginate pellets were removed with
both the skin flap and peritoneal lining attached. The pellets were fixed
in 10% buffered formalin for approximately 14 h and processed over
night in a Miles VIP tissue processor. The tissue was cut for proper
orientation purposes and embedded. The tissue was cut on a Leitz 1512
rotary microtome to a thickness of 5 ^m. Tissue sections were stained
with a routine hematoxylin (Fisher SH26-4) and eosin (Harleco 588X)
stain. Sections were also stained for the presence of Factor VHI-related
antigen (Dako K540) by using the avidin-biotin (Vector PK-4001)
immunoperoxidase staining procedure. For the Factor VIII staining a
solution of 0.4% pepsin (Difco 0308-15GB) in 0.01 N HC1 was used to
digest the tissue slightly.

RESULTS

Using the in vivo quantitative angiogenesis model previously
described (13), we wanted to ascertain if this animal model

could be used to monitor inhibitors of tumor-induced blood
vessel growth. Our previous data showed that as we increased
the number of tumor cells delivered to an animal there was a
corresponding increase in macroscopically detectable blood ves
sels; quantitatively there was an increased pooling both of
radiolabeled RBC and of spectrophotometrically detectable he
moglobin. During the initial week newly induced blood vessels
converge upon the tumor-alginate pellet. By the third week
blood vessels are found penetrating throughout the tumor-
alginate pellet.

We measured pooling of radiolabeled RBC in the alginate
pellet site at 2 different time points as shown in Table 1. The
entrapped LL2 cells at dosages of 10\ IO4, or IO5 cells were
compared to the alginate control. By the Student's t test, there
was a significant difference from control (P < 0.02) for IO3
LL2 cells only at the 11-day time point. Dosages of IO4 and
10s LL2 cells caused significantly more blood vessel induction

at both 5-day (P < 0.01) and 11-day (P < 0.001) time points.
For the remainder of these studies LL2 was the tumor used

to induce vessel growth. To test the effect of drugs on tumor-
induced blood vessel formation, drug treatment began on the
day tumor cells were administered or delayed as indicated and
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QUANTITÃ„TEN OF ANGIOGENESIS INHIBITORS

2.5 x B |2.5x|

Fig. 4. Gross morphology of the inhibition of tumor-induced blood vessels with protamine sulfate treatment. BALB/c mice were treated for 10 days with the
indicated compound: drug treatment began the day the tumor cells were administered, ill OLL2-alginate treated with protamine sulfate at 60 mg/kg/day: (B) 3 x
10* LL2-alginate treated with protamine sulfate at 60 mg/kg/day; (C) 3 x 10* LL2-alginate treated with heparin at 300 mg/kg/day; (D) 3 x 10* -alginate treated

with protamine sulfate at 60 mg/kg/day. x 2.5.

Table 3 Inhibition of tumor angiogenesis by tetrahydro S; QuantitÃ¤ten of
"Cr-RBC pooling at the alginate pellet site

Female BALB/c mice were given injections of alginate alone or 1 x IO* LL2
entrapped in alginate. The dosage of steroid was 300 mg/kg/day i.p.. while the
heparin was administered p.o. at a dosage of 300 mg/kg/day. Drug treatment
began the day of tumor alginate administration and continued until the tenth day.

Treatment continuous
Inhibition of angiogenesis (%)

by 1 x 10* LL2-alginate

Saline
Methylcellulose vehicle
Heparin
Tetrahydro S
Tetrahydro S + heparin0Â°Â»

(+10)
(+8)

40
55

Â°n = 20 mice/value.
* Each treatment group was compared to the saline control to determine the

degree of inhibition.

continued until the animals were killed. The effect of protamine
sulfate in this tumor-induced angiogenesis model is shown in
Table 2. Macroscopic examination of animals treated with
protamine sulfate showed a markedly diminished level of blood
vessels at the alginate-tumor pellet site compared to the animals
receiving no drug treatment. The measurement of pooled RBC
to the alginate pellet site showed that treatment with protamine
sulfate for 10 days inhibited neovascularization by 91% at at
tumor cell dosage of 3 x IO4 LL2 tumor cells and by 82% at a
tumor cell dosage of 3 x 10' LL2 tumor cells. Treatment of

animals with a combination of protamine sulfate plus heparin
for 10 days resulted in slightly less inhibition.

When blood vessels were induced for 5 days by the LL2
tumor cells before protamine sulfate treatment began, slightly
less inhibition was observed, as shown in Table 2B. Quantita-
tion of the hemoglobin concentration at the alginate-tumor site
showed that protamine sulfate inhibited 77% of the effect of
3 x IO4 tumor cells, and 50% of the effect of 3 x IO5 tumor

cells. The combination of protamine sulfate plus heparin had
only a slight inhibitory effect on blood vessel growth in this
experiment.

The quantitative results obtained by treatment with prota
mine sulfate reflect what was seen grossly at the time of dissec
tion in Fig. IF, Fig. 4, and in the histolÃ³gica! analysis of these
pellets in Fig. IF. Protamine sulfate inhibited the level of blood
vessels induced by LL2 cells whether treatment began at the
time the tumor cells were administered or 5 days later. Protam
ine sulfate was less effective when treatment occurred 5 days
after tumor cell administration. Heparin reduced the inhibitory
activity of protamine sulfate in both experiments.

The effect of tetrahydrocortexolone (tetrahydro S) in the in
vivo tumor-induced angiogenesis model is shown in Table 3.

Tetrahydro S alone caused a 40% reduction in radiolabeled
RBC pooling compared to saline controls. More inhibition
(55%) of pooling occurred with tetrahydro S plus heparin.
Heparin alone seemed to enhance slightly (10%) the pooling of
RBC to the alginate-tumor pellet site. The quantitative results
were comparable to the gross morphology and histology of the
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QUANTITÃ„TEN OF ANGIOGENESIS INHIBITORS

pellets shown in Fig. \A through Fig. IE, Fig. "LAthrough Fig.

2Â£,and Fig. 3.
These studies using protamine sulfate and tetrahydro S plus

heparin indicate that this quantitative in vivo angiogenesis
model in mice can be used to monitor potential inhibitors of
tumor-induced vessel growth. In this model protamine sulfate
effectively inhibited tumor-induced vessel growth, tetrahydro S
alone could inhibit some vessel growth, and tetrahydro S plus
heparin was more effective at inhibiting tumor-induced vessel
growth.

DISCUSSION

In the present study we confirm that protamine sulfate and
tetrahydro S plus heparin are inhibitors of tumor-induced an
giogenesis (8, 16). Using the quantitative in vivo angiogenesis
model, we snowed that protamine sulfate, tetrahydro S, or
tetrahydro S plus heparin administered systemically reduces
the number of newly formed blood vessels around the tumor
cells entrapped in alginate, while mature nongrowing vessels
seemed to be unaffected. A striking difference can be seen in
the morphology of the induced blood vessels in animals treated
with tetrahydro S plus heparin and vessels in animals treated
with protamine sulfate. The incomplete appearance in the ves
sels of tetrahydro S plus heparin-treated animals (Fig. 3) may
be due to blood vessel collapse. Any vessels detected in prota
mine sulfate-treated animals appear to be intact. We would like
to suggest that protamine sulfate reduces the absolute level of
blood vessels formed at the alginate pellet site, while tetrahydro
S plus heparin caused the regression of newly formed blood
vessels at the tumor alginate pellet site.

When Taylor and Folkman (8) examined the effect of prota
mine sulfate on s.c. implanted Lewis lung carcinoma tumor
cells, only a highly toxic dose of protamine (135 mg/kg) inhib
ited Lewis lung carcinoma growth but the systemically tolerated
dose of 60 mg/kg s.c. was not effective. However, in this same
study by Taylor and Folkman, systemic protamine did inhibit
growth of s.c. B16 melanoma at a dose of 60 mg/kg twice daily.
In the experimental lung mÃ©tastasesassay protamine injected
s.c. at 60 mg/kg did inhibit the number of lung mÃ©tastases
induced by B16 melanoma compared to the saline-treated ani
mals, while the same drug treatment produced no significant
difference compared to the saline control in the number of
metastasis induced by Lewis lung cells. Our data show the
effectiveness of protamine sulfate at 60 mg/kg/day in the inhi
bition of blood vessel growth induced by s.c. Lewis lung cells.
(These results are not directly comparable to the Folkman
study, since we were not measuring tumor growth, but assessing
the level of tumor-induced angiogenesis. In addition, the initial
number of tumor cells injected was 3- to 30-fold lower in this
investigation.) Our studies confirmed that heparin reversed the
inhibitory effect of protamine sulfate in vivo as was shown
previously by Majewski et al. (16). However, in their studies
heparin was administered s.c. with protamine at a ratio of 100
units heparin/mg protamine, while in our studies heparin was
delivered p.o. and was used at a ratio of 820 units heparin/mg
protamine. Our results suggest that p.o. delivery of heparin can
also abolish the inhibitory effect of i.p. administered protamine.

Although Folkman suggests that the presence of heparin is
necessary for the inhibition of tumor-induced angiogenesis by
steroids (14), previous research has shown that the effect of the
steroid-heparin combination may vary with the tumor cell line
and the steroid being used. Medroxyprogesterone acetate with
out heparin inhibits growth and angiogenic potential of estrogen
receptor-positive and -negative rat mammary tumors (17). The
effect of cortisone acetate in the treatment of mammary or
RIF-1 tumors in C3H/He mice was not affected by heparin
(18). Heparin did not potentiate the inhibitory effect of corti

sone acetate on neovascularization induced by prostaglandin E,
or by tumor cells in the rabbit cornea assay (19). Some meth-
ylcholanthrene-induced tumors were shown to be unresponsive
to optimal doses of steroid plus heparin (sarcoma 1509 A, meth
A sarcoma, glioma 26, glioma 261 B) (20). However, heparin is
required in the augmentation of metastasis of Lewis lung 3
carcinoma by cortisone acetate (9). Some cortisone-sensitive
murine tumor cell lines have been shown to be more responsive
to cortisone plus heparin (19). As shown by our data, tetrahydro
S without heparin can inhibit Lewis lung 2 carcinoma-induced
angiogenesis; however, the combination of tetrahydro S plus
heparin was more potent in our experimental model.

Recent studies have shown that antiangiogenic compounds
may enhance the antitumor efficacy of conventional chemo-
therapeutic agents (21). Whether used in combination with
other agents or directly, antiangiogenic compounds have the
potential for intervention in many disease states. Our experi
mental model provides a quantitative in vivo assay method for
new compounds, and a means of elucidating the mechanisms
of tumor-induced angiogenesis.
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