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Abstract

To elucidate the previously suggested vascular ef-
fect(s) of antiestrogen therapy, we studied the effect
of estrogen withdrawal and tamoxifen on 1) vascular
resistance, 2) glucose and oxygen consumption, and 3)
vascular density in a perfused breast cancer line (ZR75-
1). Furthermore, we examined ZR75-1 tumors by
functional CT-scanning (fCT) to determine changes in
parameters related to tumor capillary transfer constants
and vascular volume fraction in response to antiestro-
genic manipulations. The vascular resistance decreased
significantly from 42.7 to 20.8 mmHg x min x g x ml~'
(P< .03) on day 9 after estrogen withdrawal, but not
after 9 days of tamoxifen treatment. The estrogen-
depleted tumors were significantly smaller than controls
on day 9. There was no difference in nutrient consump-
tion or vascular density in any of the experimental
groups compared to controls. fCT showed an increase
(P < .03) in vascular volume fraction during tumor
growth, and this parameter was significantly lower
after estrogen withdrawal when compared to controls
(P < .05). Vascular resistance correlated with tumor
size (R = 0.7, P < .0001), indicating that vascular
resistance increases during tumor growth. The changes
in vascular parameters after estrogen withdrawal in-
dicate a vascular remodeling effect. This inhibition of
vascular development by hormone deprivation may
have important implications for future planning of
multimodal treatment regimens.

Keywords: vascular resistance, estrogen withdrawal, tamoxifen, breast cancer, functional
CT -scanning.

Introduction

Induction of vascularization seems to be a limiting step in the
development of tumors larger than approximately 1 mm in
diameter. At this size, the tumor becomes deprived of oxygen
and nutrients, and it has been shown that hypoxia [1] and
hypoglycemia [1],[2] can induce release of angiogenic
factors (e.g., vascular endothelial growth factor (VEGF))
leading to (in)growth of vessels in tumor tissue. Continuous
angiogenesis mediated by VEGF [3], basic fibroblast growth
factor (bFGF) [4], or other growth factors [5] is essential

for further tumor growth and several anti-angiogenic drugs
can inhibit this growth [6—-8].

The presence of estrogen receptors and the estrogen-
dependent growth of certain human breast cancers have
been used in the treatment of this disease for decades.
Estrogen withdrawal by ovarian ablation or oral antiestrogen
therapy (mainly tamoxifen) are the modalities most widely
used; both have improved the prognosis of breast cancer in
adjuvant settings [9].

Tamoxifen is a non-steroid competitive inhibitor of the
estrogen receptor. However, several investigators have
questioned the competitive receptor inhibition as tamox-
ifen’s main mechanism-of-action, because growth-inhibi-
tory effects unrelated to the estrogen receptor have been
found. These include stimulation of transforming growth
factor (TGF)-3 production [10], and binding to specific
antiestrogen binding sites other than the estrogen receptor
[11],[12]. Furthermore, the metabolic response to estro-
gen withdrawal differs from the response to tamoxifen
treatment in groups of tumors with comparable degree of
growth inhibition [13].

In spite of the direct growth inhibition after estrogen
withdrawal and/or tamoxifen in vitro, it has been proposed
that the in vivo growth-inhibitory effect of these treatment
modalities is partly caused by an anti-angiogenic effect [14—
16] which may be unrelated to the receptor status of the
tissue [17],[18]. This would explain the 10% to 15% clinical
response rate of tamoxifen in estrogen receptor-negative
patients [9].

Estrogen-independent tumor growth (i.e., resistance to
antiestrogen therapy) can be achieved by FGF -transfection
of estrogen-dependent MCF-7 breast cancer cells [19].
These results suggest that the potential anti-angiogenic
effect of antiestrogens may be indirect and caused by

Abbreviations: bFGF, basic fibroblast growth factor; — E,, estrogen withdrawal; fCT,
functional CT - scanning; VEGF, vascular endothelial growth factor; Vg, vascular volume
fraction; VR, vascular resistance.
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decreased production of angiogenic factors in estrogen-
deprived tumor cells.

Understanding the mechanical properties of the tumor
microenvironment is of major importance for the design of
new treatment strategies [20]. The suggested regulation of
vascular development by estrogen/antiestrogen led us to
investigate the physiological consequences of hormonal
manipulation on tumor vasculature. The estrogen-depen-
dent, estrogen receptor-positive human breast tumor
ZR75-1 was used for all experiments, because it has
previously been shown to respond to estrogen withdrawal,
as well as tamoxifen [13], and because it grows readily as a
tissue-isolated tumor. The perfused, tissue-isolated tumor
model allowed us to determine the vascular resistance
and oxygen/nutrient consumption during continuous
estrogen stimulation and after estrogen withdrawal or
initiation of tamoxifen therapy. Furthermore, we used a
technique recently adapted for studies of human tumor
xenografts in nude mice, functional CT-scanning (fCT)
[21], for assessment of parameters related to tumor
capillary transfer constants (k,k2) and vascular volume
fraction (Vg) in response to the applied treatment moda-
lities. CD31 or platelet/endothelial cell adhesion molecule
(PECAM) is a sensitive endothelial marker also expressed
in myelomonocytic cells in lymph nodes [22]. Staining of
tissue sections with antibodies toward CD31 allowed us to
relate the tumor vascular density to the data obtained from
the in vivo studies.

Materials and Methods

Cells and Animals

ZR75-1 human breast cancer cells, obtained from
American Type Culture Collection (Rockville, MD), were
grown in EMEM (Sigma Chemical Co., St. Louis, MO)
with 10% heat-inactivated fetal bovine serum (Sigma).
When culture flasks were 90% confluent, cells were
scraped off with a rubber policeman, and 2x10° cells
were injected subcutaneously into the flank of female
ovariectomized nude mice carrying a subcutaneous 173-
estradiol pellet (0.72 mg, 60-day release, Innovative
Research, Sarasota, CA). For bilateral ovariectomy, the
mice were anesthesized with ketamine/xylazine (100/10
mg per kg body weight), a 20-mm longitudinal skin
incision was placed over each flank area and the ovaries
were isolated through an incision in the abdominal wall.
Both ovaries were ligated with a 6-0 silk suture (Ethicon,
Somerville, NJ) between the ovary and the distal end of
the uterine horn, and the ovaries were removed. Both
layers were closed with a 5-0 Ethibond suture (Ethicon).
When these tumors had grown to a size of approximately
10 mm in diameter, they were used as donor tissue. All
mice were 8 to 10-week-old NCr/Sed-nu/nu female
athymic mice bred in the Edwin L. Steele Laboratory’s
animal facility. Institutional guidelines regarding animal
welfare were followed.
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Tumor Models

Tissue-isolated tumors were used for studies of
vascular resistance, oxygen and glucose consumption,
lactate production, and vascular density. Due to the
demand for a large number of simultaneously growing
tumors for the fCT studies, subcutaneously implanted
tumors were used for these experiments. It has previously
been shown that vascular parameters obtained by fCT do
not differ between subcutaneous and tissue-isolated
tumors [21].

Subcutaneous Tumors

Nude mice were anesthesized and ovariectomized as
described above and a 1-mm?® chunk of ZR75-1 donor
tissue was positioned subcutaneously in the left flank of
the animal. During growth, the tumors were measured in
two dimensions twice weekly. After 4 to 6 weeks of tumor
growth, the mice were split in three groups: In one group,
the 173-estradiol pellet was removed on a day defined as
day 0. In the second group, daily s.c. injections of 1 mg
tamoxifencitrate (Sigma) in 0.1 ml peanut oil were initiated
on day 0. The third group served as continually estrogen-
stimulated controls. fCT-scans were performed in all three
groups on days —1, 2, and 9.

Tissue-Isolated Tumors

A ZR75-1 tumor slurry was prepared by mincing tumor
tissue with a few drops of Hank’s buffered salt solution
(Sigma). Nude mice were anesthesized with ketamine/
xylazine and the left ovary was isolated and removed through
incisions in the skin and abdominal wall. Subsequently, the
tumor slurry was injected into the ovarian fat pad at the end of
the ovarian vascular pedicle, the fat pad with tumor tissue
was wrapped in stretched Parafiim and positioned in the
subcutaneous space. Thus, the ovarian vessels become the
only contributors to the vascularization of the tumor. The
right ovary was removed as described in Cells and Animals
section and a 17(3-estradiol pellet was placed subcuta-
neously in the back region of the mouse. The Parafilm bag
was changed once weekly to allow space for tumor growth
and to clean the vascular pedicle for fibrous tissue. After 4 to
6 weeks of tumor growth, the tumors were perfused by
cannulation of aorta and vena cava and ligation of aorta and
vena cava above the renal vessels and right above the
bifurcature. Furthermore, all small vessels going from
aorta and to vena cava in the area of cannulation were
closed by ligatures. All tumors were perfused with Krebs-
Henseleit buffer composed of 118 mM NaCl, 4.7 mM KCI,
1.2 mM KH;PO,4, 1.2 mM MgSQ,, 2.55 mM CaCl,, 0.75
mM papaverin, 11.1 mM glucose, 7000 units/I sodium
heparin to avoid coagulation, and 2.5% bovine serum
albumin (Sigma). Papaverin is a vasodilator added to avoid
vasospasms in the feeding artery during perfusion [23]. The
glucose concentration was relatively high (11.1 mM)
compared to patients with normoglycemia, but directly
comparable to the concentration of 11.5 mM previously
found in nude mice [24]. Furthermore, we have previously
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found the glucose consumption of perfused melanomas to
be constant and independent of flow rate at 11.1 mM [25],
which was also desirable for the present experiments.
Perfusate flow rate was increased stepwise from 50 to 130
ul/min or until the tumor vein appeared dilated in the surgical
microscope. The vascular resistance was calculated from
the slope of the linear curve depicting the relationship
between perfusate flow rate and arterio-venous pressure
drop [26]. For a detailed description of the surgical
procedures, see Ref. [27]. Before the perfusion experi-
ments, the mice were split into four groups. In one group, the
estradiol pellet was removed 2 days before perfusion. In the
second group, the pellet was removed 9 days before
perfusion. The mice in the third group were treated with 1
mg tamoxifen-citrate s.c. daily for 9 days before perfusion.
The fourth group served as controls; these tumors were
perfused during continuous estrogen stimulation. The
tissue-isolated tumors were measured once weekly, or
when the Parafilm bag was changed.

Functional CT-scanning

Immediately before this procedure, the mice were
anesthesized with ketamine/xylazine. Three sequential
functional CT studies were performed on three groups of
animals; in a control group, in an estrogen withdrawal group
and in a group of animals treated with s.c. injections of
tamoxifen. The studies were performed on days —1, 2, and
9; the reference day 0 was the day when the treatment was
initiated; i.e., either estrogen was withdrawn or first dose of
tamoxifen was injected.

fCT imaging was performed under anesthesia, together
with a bolus injection of clinically approved iodine CT
contrast agent (Renografin 76%, SQUIBB Diagnostics,
NJ). After animal preparation and positioning in the CT-
scanner, a scout image was obtained, and a multislice study
acquired through the tumor. A slice location through the
tumor center was then determined for the functional imaging
which started before and continued up to 20 minutes after tail
vein injection of 150 pl iodine contrast agent.

Initially, fCT data were collected continuously for 30
seconds and reconstructed into images separated by 300
milliseconds [28]. After 30 seconds of continuous imaging,
the rate of the data acquisition was changed and images
were acquired every 10 seconds for 9 minutes and then
every 45 seconds for the next 11 minutes. 120 kVp tube
voltage, 150 mA tube current, 2 mm slice thickness, 80 mm
reconstruction field, 512x512 image matrix and 1 second
360° X-ray tube rotation time with high resolution imaging
mode were used. This provided a nominal voxel size of 0.050
mm3,

For the quantitation of physiological parameters, vascular
volume fraction (V) and capillary rate constants (k; and
ko), data were transferred from the CT-scanner to a
Macintosh PowerPC 8100/80 work station. A region of
interest was placed over the tumor area and a time signal
intensity curve was constructed. Similarly, a region of
interest was placed over the aorta and an arterial input

function obtained. Signal intensities in CT are measured in
Hounsfield units (HU) which change linearly as a function of
iodine concentration in the tissue [28]. Thus, the time signal
intensity curves were converted into time AHU curves before
fitting into the measured data points a mathematical
expression of a two-compartment model:

Cr(t) = ki /0 t {e *(=T) . CB(r)dr} + Vg - CB(t),

where C+(t) is the tissue curve and CB(t) is the blood
curve; Vg, kq, and k» are the fitting parameters; Vg is the
vascular volume fraction in the tissue of interest, and k4 and
ko are the transcapillary rate constants [28].

Glucose Consumption and Lactate Production

Perfusate was sampled from the in- and outlet cannula
at each flow rate. Perfusate concentration of glucose and
lactate was determined with enzymatic/colorimetric Kkits
(Sigma, Cat. No. 115-A (glucose) and Cat. No. 735-10
(lactate) ) and consumption/production was calculated from
the arterio-venous concentration differences.

Oxygen Consumption

Samples of perfusate were collected in glass capillary
tubes and analyzed in an ABL 300 gas analyzer (Radio-
meter, Copenhagen, Denmark). Consumption of oxygen
was calculated as described previously [25].

Vascular Density

CD831 staining was performed on formalin - fixed, paraffin-
embedded tissue-isolated tumors after perfusion. Tissue
sections of 4 ym thickness were hydrated in xylene (2x5
min), 99% ethanol (2x5 min), 96% ethanol (3 min), 70%
ethanol (3 min), and phosphate-buffered saline (PBS) (5
min). The sections were digested in 0.1% trypsin (Sigma) in
PBS at 37°C for 30 min and washed in running deionized
water for 10 min. Before and after quenching of endogenous
peroxidases in 0.3% hydrogen peroxide in methanol for 30
min, the sections were incubated in 70% ethanol for 5 min.
After wash in PBS for 5 min, sections were blocked with three
drops of rabbit serum (Vectastain ABC, PK 6104 Rat IgG,
Vector Laboratories, Burlingame, CA) in 10 ml PBS for 20
min. The primary MEC 13.3 rat-antimouse PECAM antibody
(Pharmingen, San Diego, CA) was added in a concentration
of 1:50 in blocking solution (Vectastain ABC) and sections
were incubated at 4°C overnight. Primary antibodies were
washed off with PBS (3x5 min) and sections were
incubated with the biotinylated secondary antibody, rabbit
anti-rat IgG (Vectastain ABC) (three drops of rabbit serum
and one drop of biotin in 10 ml PBS), for 30 min at room
temperature. After 3x5 min PBS wash, the slides were
incubated with ABC solution (Vectastain ABC) for 30 min,
rinsed and washed in PBS 3x5 min), incubated with
peroxidase substrate solution (DAB kit, Vector Laboratories,
Burlingame, CA) for 7 min and rinsed in distilled water.
Slides were counterstained with haematoxylin, aqueous
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Figure 1. Growth curves for ZR75-1 subcutaneous (top) and tissue-
isolated (bottom) tumors. Tumor measurements were normalized to the size
on day — 1. The growth inhibition induced by E-withdrawal (0 ) and TAM
treatment (1) was significant in both tumor models when compared to
controls (B) (P < .05 n = 5-7ineach group).

formula Biomeda, Foster City, CA) for 5 min, rinsed in
distilled water for 2 min followed by PBS for 15 min.
Finally, the slides were dehydrated and mounted with
Permount. Microvessels were quantified by counting the
number of brown-staining endothelial cell clusters, clearly
separate from adjacent microvessels, tumor cells, and
other connective-tissue elements as described by Weidner
[29]. The microvessel counts were made on a 0.25-mm?
field in a non-necrotic area. At least five fields were
counted (depending on the tumor size) and the average
field count was determined for each tumor.

Statistical Analysis

Differences in tumor growth rates were determined from
the a-values extracted from the Gompertz equation of each
tumor as described previously [13]. It was not possible to
measure the tissue-isolated tumors as frequently as the
subcutaneous tumors. Consequently, the «-values of these
tumors could not be determined. The growth inhibition of
these tumors was determined crudely by normalizing all
measures to day 0 (100%) and comparing the change in
normalized tumor volume on the day of the experiment. The
a-values, as well as all other parameters of control tumors,
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were compared to values from tumors from experimental
groups by a Mann—Whitney test.

Results

Growth of estrogen-stimulated ZR75-1 tumors (controls)
and of tumors after estrogen withdrawal and initiation of
tamoxifen therapy is shown in Figure 1. In both tumor types
(subcutaneous and tissue-isolated), the two treatment
modalities induced a significant (P < .05) and comparable
degree of growth inhibition.

Figure 2 shows a significant decrease in vascular
resistance in the —E, group, whereas tamoxifen treatment
did not induce significant changes. Vascular resistance
correlated well with tumor size (R = 0.7, P < .0001,
Spearman correlation test) (Figure 2, bottom), and
since —E, tumors were significantly smaller than controls
(P < .05) (Table 1), it is likely, that the low vascular
resistance was caused by cessation of tumor growth.
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Figure 2. Top, vascular resistance in each of the three experimental groups
was compared to controls. *P < .05, n = 5-7 in each group. Error bars
indicate interquartile ranges. Bottom, vascular resistance as a function of
tumor weight for controls (R ), on days 2 (® ) and 9 (O ) after estrogen
withdrawal and on day 9 after initiation of TAM treatment ((J). R = 0.7,
P < .0001 (Spearman).
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Table 1. Median tumor weight and glucose, lactate, and oxygen consumption
of estrogen-depleted ( —E, days 2 and 9) and tamoxifen (TAM) -treated
ZR75-1 tumors. Oxygen consumption is given as percentage of available
oxygen (AO,) and as standard oxygen consumption at a delivery rate of 10
pul O2/min per g. Ranges are given in brackets, P-values compared to
controls.

Controls —-E» —E» TAM
(day 2) (day 9)
n 7 5 7 6
Tumor weight 99 140 60 73
(mg) [60-185] [45-139] [41-106] [65-160]
P=.94 P=.021 P=.47
AGlucose 0.33 1.18 0.79 1.02
(umol/min per g) [0.17 —2.07] [0.50 —5.11] [0.15 — 1.44] [0.4 — 1.49]
P=.57 P=.39 P=.17
Alactate 1.48 3.27 0.69 1.02
(zmol/min per g) [0.39 —2.47] [0.33 — 3.53] [0.27 — 1.83] [0.51 — 1.55]
P=.85 P=.17 P=.37
AO, 64 54 51 57
(%) [50 - 72] [0.48 - 0.75] [28 — 68] [52 - 65]
P=.83 P=.16 P=.52
St. AO, 7.62 712 7.72 7.46
(pl/min per g) [6.29 —8.14] [5.01 — 8.59] [6.27 — 8.87] [7.07 — 9.57]
P=.58 P=.87 P=1.00
VD 54 - 5.1 10.5
(vessels/field) [21-55] - [3.6-8.3] [42-11.3]
P=.44 P=.18

Nutrient consumption is shown in Table 1. There was no
difference in the consumption of glucose and oxygen or in
the production of lactate in the tumor tissue during perfusion.

60 sec

1200 sec

Table 1 also presents the results of vascular density counts.
Vascular density did not change significantly from controls 9
days after estrogen withdrawal or initiation of tamoxifen
treatment. There was no significant correlation between
glucose consumption and lactate production (R = 0.16, P =
.50).

A typical image of the contrast distribution and washout in
a subcutaneous ZR75-1 tumor and results from the fCT -
scan are shown in Figures 3 and 4. On day 9 after estrogen
withdrawal, the vascular volume fraction (Vg) was signifi-
cantly smaller (P < .03) in —E, tumors compared to the
controls. This difference seemed to be caused mainly by an
increase in Vg in controls during tumor growth (P < .03). No
significant difference in Vg was observed between the
tamoxifen-treated and control tumors. Similarly, no signifi-
cant differences were observed in the rate constants k4 and
k> between the control tumors and either of the treatment
groups, estrogen removal or tamoxifen.

Discussion

Antiestrogens and Tumor Growth

The effects of antiestrogen therapy on the tumor
growth, and thus on the size of the tumor, were pronounced
and comparable in subcutaneous and tissue-isolated
tumors (Figure 1). This anti-proliferative effect has
previously been attributed to a decreased stimulation of
the estrogen receptor in the cytoplasm of tumor cells,
leading to decreased DNA synthesis through inhibition of
intracellular phosphorylation cascades [30]. It seems
generally accepted that antiestrogen treatment leads to
apoptosis of estrogen-dependent tumor cells [31-
33][34], but the existing data are contradictory and an

300 sec

T T T T 1

400 600 800 1000 1200
Time [sec]

Figure 3. An example of the contrast agent uptake and washout in a tumor. Images were acquired at the onset of injection and 30, 300, 600, 1200 seconds after
intravenous contrast injection. The tumor (white arrow) is seen on the left side of each cross section of the mouse body. Contrast agent uptake is seen as whitening
of the tumor tissue. The graph presents temporal changes of AHU (and thus the changes in contrast agent concentration) in a tumor. The maximum uptake is

reached at 100 seconds after the onset of injection followed by a slow washout.
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Figure 4. Changes in Vg, k4, and k» in subcutaneous ZR75- 1 tumors after
estrogen withdrawal (white columns, n = 5) and TAM treatment initiation
(hatched columns, n = 6) compared to controls (grey columns, n = 6) on
days — 1, 2, and 9. Error bars indicate interquartile ranges. All values were
compared to control values at the same time point. *P < .05.

increased apoptotic index in estrogen-dependent tumors
after estrogen withdrawal and/or tamoxifen treatment is not
always present [13]. In another study, morphological signs
of apoptosis were induced by tamoxifen, but internucleoso-
mal DNA degradation, which is usually a prerequisite for
detection of apoptotic cells, was not found [35]. The
controversy about the role of apoptosis in response to tumor
regression after hormone withdrawal is not unique for breast
cancer; in prostate cancer, the relative importance of
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apoptosis, necrosis, and cell proliferation after testosterone
withdrawal differs from patient to patient [36].

It has been demonstrated that antiestrogens inhibit
angiogenesis in an in vivo chick egg chorioallantoic mem-
brane assay [17], and bFGF - or VEGF - stimulated prolifera-
tion of endothelial cells in vitro decreases after treatment with
the estrogen antagonists tamoxifen, clomifen, nafoxidine, and
ICl 182,780 [18]. This effect could not be overcome by
addition of estrogen in excess, indicating that the anti-
angiogenic effect of antiestrogens is unrelated to competitive
inhibition of the estrogen receptor [18]. Inhibition of
angiogenesis by a mechanism unrelated to the estrogen
receptor may explain that 10% to 15% of patients with
estrogen receptor-negative tumors respond to tamoxifen
treatment [9]. However, estrogen increases the expression
of VEGF in rat mammary tumors [15] and in MCF-7 cells
[37] and studies in estrogen receptor knockout mice have
shown that functional estrogen receptors are necessary for
173-estradiol -induced angiogenesis [16].

Vascular Parameters

The present study evaluates the effect of antiestrogen
therapy on physiological parameters related to tumor
angiogenesis and vascularization. In our experiments,
estrogen ablation represents a pure antiestrogen effect,
whereas tamoxifen is a partial estrogen antagonist with
mechanism(s) of action unrelated to inhibition of the
estrogen receptor [10][38][39]. Tumor vascular resistance
was significantly decreased on day 9 after estrogen with-
drawal, but not after tamoxifen treatment (Figure 2, top).
The decrease in VR was accompanied by a decrease in
tumor size. There was a strong correlation (P < .0001)
between tumor size and vascular resistance (Figure 2,
bottom), and growth inhibition was probably the reason for
lower VR in the estrogen-deprived tumors. An increase in
vascular resistance with increasing tumor size corroborates
previous studies in rat carcinosarcomas [40] and indicates
that these tumors continuously outgrow their vascular supply
in spite of constant angiogenesis.

fCT is a new non-invasive method for dynamic measure-
ments of vascular volume fraction and vascular permeability
surface area product. The demonstrated increase in vascular
volume fraction during estrogen-stimulated tumor growth
may indicate an angiogenic effect of estradiol, but it may as
well be caused by increased production of angiogenic factors
from the proliferating tumor cells. Furthermore, the vascular
volume fraction seemed to remain constant after both types
of antiestrogen therapy, suggesting that neither of the two
treatment modalities was able to decrease the tumor
vascularization markedly. The lack of vascular effect of
antiestrogen treatment in these experiments is also reflected
in the vascular density; there was no significant difference in
vascular density between the two experimental groups and
controls. As previously discussed, the significant difference
in vascular resistance between controls and the —E, group
on day 9 probably reflects a difference in tumor size between
the two groups. Consequently, the low vascular resistance
after estrogen withdrawal reflects the constancy of the
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vascular network when tumor cells are not proliferating,
whereas the vascular resistance is increased in the control
group due to continuous tumor cell proliferation. The
previously detected increase in NTP/P; [13] cannot be
explained by a global increase in tumor perfusion, but can
still be due to alterations in microregional perfusion.

It should be kept in mind that the biological intertumoral
variation in the values presented in Table 1 and Figure 4 is
substantial and some of the methods used have a relatively
low reproducibility; these factors may widen the ranges and
conceal intratumoral changes.

Antiestrogen Effects on the Vascular Network

Continuous growth stimulation by estrogen increased the
vascular resistance and the vascular volume fraction, but did
not have any significant impact on the vascular density. How
does increased vascular volume fraction lead to increased
vascular resistance during estrogen-stimulated tumor
growth? It has already been shown that tumor vessels are
more tortuous and more chaotically distributed than normal
vasculature [41] and that regressing vessels gradually
become less tortuous [42]. We propose that the increase
in vascular volume fraction during estrogen stimulation is
secondary to the previously demonstrated increase in
VEGF production in estrogen-dependent breast cancer
tissue [15][37]. The concomitant increase in vascular
tortuosity during tumor growth will increase the vascular
resistance in spite of a larger vascular bed. Similarly, the lack
of estrogen stimulation during regression after estrogen
withdrawal decreases the VEGF production and conse-
quently the endothelial proliferation ceases. A marked
difference in the vascular network (i.e., straight versus
tortuous tumor vessels) has been demonstrated in andro-
gen-dependent Shionogi male mammary tumors during
regression after orchiectomy versus continuously androgen -
stimulated tumors [43]. Also, apoptosis of endothelial cells
was found before apoptosis of Shionogi tumor cells [42].
These data indicate that the anti-angiogenic effect of
hormone withdrawal is an indirect effect of reduced produc-
tion of angiogenic factors in the growth -inhibited tumor cells.
This suggestion is further supported by the demonstrated
relationship between increased FGF - production and devel-
opment of estrogen independence [19]. When comparing
the data on perfusion and fCT, it should be considered that
they were obtained from tissue-isolated and subcutaneous
tumors, respectively. Even with this reservation, a cautious
comparison can be made, because previous studies have
shown that k4, ko, and Vg do not differ in the two model
systems [21].

Tamoxifen affects the coagulation cascade in humans
[44] and antihormonal treatment has been shown to reduce
endothelial cell density [14] and induce hypoxia [45] in
MCF-7 human breast cancer xenografts. Interestingly,
Ruohola et al. found that estrogen, as well as tamoxifen
alone, induced VEGF mRNA expression [37]. These and
several other studies corroborate the idea that tamoxifen has
a growth-inhibitory mechanism of action unrelated to
competitive inhibition of the estrogen receptor [10—

12][13]. This may explain the lack of significant effect of
tamoxifen on any of the vascular parameters studied.

In the present experiments, antiestrogen therapy does not
seem to reduce the tumor vascularization per se— at least
not to an extent that increases the vascular resistance
beyond the appropriate value for the tumor size. Further-
more, we found no change in oxygen consumption of ZR75-
1 tumors after antiestrogen therapy.

In conclusion, estrogen withdrawal may inhibit the indirect
angiogenic effect of estrogen-induced bFGF/VEGF release
from tumor cell and thereby cease tumor proliferation, but we
found no effect of tamoxifen on any of the parameters
examined in this study. Still, antiestrogens may prevent the
reduction in tumor perfusion (i.e., increase in vascular
resistance) that occurs during tumor growth, maintaining an
appropriate oxygenation and radiosensitivity of the tumor
tissue. This can explain the presumed additive/synergistic
effect of antihormonal and radiation therapy [46], as
demonstrated in vivo in rat [47] and human [48] [49]
breast cancer.
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