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This study clarified whether and when the blood-

brain barrier in experimental brain metastases is im-

paired by using hydrosoluble sodium fluorescein

(MW 376) as a blood-brain barrierfunction indica-

tor. Cellsfrom eight human tumor lines (four mela-

nomas, two breast carcinomas, one colon carci-

noma, and one renal carcinoma) were inoculated

into the internal carotid artery of nude mice. Brain

metastases at different stages of development were

sampled and the permeability of the blood-brain

barrier around the metastases determined Histologic

examination showed two patterns of tumor growth.
In the first, tumor cellsformed isolated well-defined

nodules in the parenchyma of the brain. In lesions

smaller than 0.2 mm2, the blood-brain barrier was

intact In the secona, small diffuse nests of tumor

cells were distributed throughout the brain paren-

chyma The blood-brain barrier was intact until the

small tumor cell colonies coalesced to form large

tumor masses. These results suggest that the perme-

ability of the blood-brain barrier varies among dif-

ferent experimental brain metastases and that its

function is related to the growth pattern and size of

the lesions. (AmJ Pathol 1992, 141:1115-1124)

The microvasculature of the brain parenchyma is lined by
a continuous, nonfenestrated endothelium with tight junc-
tions and little pinocytic vesicle activity.1 This structure,
designated as the blood-brain barrier, limits the entrance
of circulating macromolecules into the brain paren-
chyma. The blood-brain barrier and the lack of a lym-
phatic system are responsible for maintaining the brain

as an immunologically privileged site-7 and protecting
the brain against the entry of most drugs and invasion by
microorganisms.8 The blood-brain barrier does not pre-

vent the invasion of the brain parenchyma by circulating
metastatic cells. Indeed, metastases in the brain develop
in 10% to 40% of all patients with solid tumors.9'10 The
integrity of the blood-brain barrier is altered in some brain
tumors and in metastases.1 1-19 Added complexity is also
presented by findings that some, but not all, neoplastic
cells can affect the integrity of this structure.12'132021

In general, primary brain neoplasms and brain me-

tastases are resistant to treatment by most chemothera-
peutic drugs,68-10 and this resistance has been attrib-
uted to the inability of drugs to cross the blood-brain
barrier.22-25 Because this structure is morphologically,
biochemically, and functionally heterogeneous in differ-
ent regions of the brain,1 ,4,26-28 its relationship to the fail-
ure to eradicate brain metastases with anticancer drugs
is still unclear. The purpose of this study was to investi-

gate the functional viability of the blood-brain barrier in
brain metastases of different histologic origins. Because

experimental studies of the integrity of the blood-brain
barrier after direct injection of tumor cells into the brain of
rodents have produced contradictory results1729 31 and

direct injection can induce pathology, we have devel-

oped an experimental animal model to study the estab-
lishment, progression, and therapy of brain me-

tastases.3143 Tumor cells are injected into the internal
carotid artery of mice. Under the appropriate conditions,
brain tumor lesions are produced in a reproducible man-

ner, and the mice do not die of rapidly progressing

visceral metastases.32 Using this model, we have re-
cently described the successful establishment of brain
metastases of human melanomas and carcinomas in
nude mice.3435 We have taken advantage of this ani-
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mal model for brain metastasis to examine the functional
integrity of the blood-brain barrier in brain metastases of
eight different human neoplasms growing in nude mice.
Specifically, we wished to determine the status of the
blood-brain barrier in early (small) and late (large) me-
tastases growing in different regions of the brain. The
results suggest that the blood-brain barrier is intact in the
small lesions but permeable in metastases exceeding
0.2 mm2.

Materials and Methods

Mice

Six- to eight-week-old, specific pathogen-free, athymic
NCr-nu/nu mice were purchased from the Animal Pro-
duction Area, NCI-Frederick Cancer Research Facility
(Frederick, MD). Female mice were used for studying
breast carcinoma cells, and male mice were used for
studying other neoplasms. The mice were maintained in
facilities approved by the American Association for Ac-
creditation of Laboratory Animal Care and in accordance
with current regulations and standards of the United
States Department of Agriculture, Department of Health
and Human Services, and National Institutes of Health.

Human Cancer Cell Lines

The human melanoma cell lines were originally isolated
from metastases in different patients. The cell lines des-
ignated TXM were established from surgical specimens
from melanoma patients at The University of Texas M. D.
Anderson Cancer Center (Houston, TX): TXM-13, TXM-
18, and TXM-34 were isolated from brain metastases.
The A375 cell line, isolated originally from a lymph node
metastasis, was injected intravenously into nude nmice,
and a variant designated A375-SM was isolated in cul-
ture from the resulting lung metastases.35

MDA-MB-435 and MDA-MB-468 are human breast
carcinoma lines isolated originally from pleural effusions
of two patients with advanced disease.34 The two cell
lines were the gift of Dr. Relda Cailleau, M. D. Anderson
Cancer Center, Houston, TX.

The human colon cancer line KM12L4 is a highly met-
astatic variant isolated by an in vivo selection procedure
in nude mice from a surgical specimen of Dukes' stage
B2 colon carcinoma.36

The human renal carcinoma cell line SN1 2A was de-
rived from ascites produced in nude mice subsequent to
intrakidney injection of cells isolated from a surgical spec-
imen.37

In Vitro Cultures

The tumor cells were maintained as monolayer cultures
on plastic in Eagle's minimum essential medium supple-
mented with 10% fetal bovine serum, sodium pyruvate,
nonessential amino acids, L-glutamine, and twofold vita-
min solution (GIBCO, Grand Island, NY). The cultures
were incubated in 5% CO2-95% air at 37°C. All cultures
were free of Mycoplasma and the following murine vi-
ruses: reovirus type 3, pneumonia virus, Sendai virus,
minute virus, mouse adenovirus, mouse hepatitis virus,
and lactate dehydrogenase virus (assayed by M. A. Bio-
products, Walkersville, MD). For in vivo studies, tumor
cells in their exponential growth phase were harvested by
a 1-minute treatment with 0.25% trypsin-0.02% ethylene-
diaminetetra-acetic acid (EDTA) solution (wtlvol). The
flask was tapped to detach the cells, supplemented me-

dium was added, and the cell suspension was gently
agitated to produce a single-cell suspension. The cells
were washed and resuspended in Ca2+-, Mg2+-free
Hanks' balanced salt solution (HBSS). Only suspensions
of single cells with viability exceeding 90% were used
(trypan blue exclusion test). The inoculum volume for in-
jection into the internal carotid artery was 0.1 ml.

Injection of Cells into the Internal
Carotid Artery

Each mouse was anesthetized by intraperitoneal injec-
tion of pentobarbital sodium, restrained on its back on a

cork board, and placed under a dissecting microscope.
The animal's head was stabilized on the cork board with
a fixed rubber band placed between the teeth of the up-
per jaw. The neck was prepared for surgery with alcohol-
iodine, and the skin was cut by a mediolateral incision.
After blunt dissection, the trachea was exposed. The
muscles were separated to expose the right common
carotid artery, which then was separated from the vagal
nerve. The artery was prepared for an injection distal to
the point of division into the internal and external carotid
arteries. A ligature of 5-0 silk suture was placed in the
distal part of the common carotid artery, and a second
ligature was placed and tied proximal to the injection site.
The right carotid artery was nicked with a pair of micro-
scissors, and a glass cannula was inserted into the lumen
and threaded forward into the internal carotid artery. To
assure proper delivery, we injected the cells slowly into
the artery and then removed the cannula. The second
ligature was tightened; the skin was closed by sutures. All
intracarotid artery injections were always done under a
dissecting microscope, and all required a glass cannula
with a smaller than 30-gauge diameter. We prepared
such cannulas from glass capillary tubes 1 mm in diam-
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eter that were heated and then stretched, and each could
be used repeatedly. The cannulas were fixed to 1-ml
plastic syringes by melting the hub around them.

Histologic Examination of the Blood-Brain
Barrier by Injection of Sodium Fluorescein
and Use of the Freeze-dried
Paraffin-embedded Tissue Technique

We injected 1 x 105 viable tumor cells into the internal

carotid artery of nude mice (three to five per group). At

different time points thereafter, we injected 0.5 mg of so-

dium fluorescein (mol wt, 376)/10 g body weight into a

lateral tail vein, and the animals were killed 10 minutes

later.31 The brains were removed and processed for his-

tologic examination by a freeze-dried paraffin-
embedded tissue technique that preserves the distribu-

tion of the soluble fluorescent label.38 Each brain was cut

in four coronal sections of equal width to assure repre-

sentative sampling and adequate comparison between

the right and left hemispheres. Tissue was frozen in liquid
nitrogen and stored at - 700C. After all the samples were

collected, they were desiccated in a lyophilizer for 7 days
at - 50C. Thereafter, the brains were embedded in par-

affin, and serial 6-,u tissue sections were cut. The function
of the blood-brain barrier was determined immediately
after carotid artery injection and at 10 minutes, 1 hour, 2

hours, 4 hours, 7 hours, 24 hours, 3 days, 7 days, 10

days, 14 days, 21 days, 28 days, 42 days, and 56 days
after inoculation of tumor cells. For each tumor, we ex-

amined at least 50 sections. Every other section was

stained with hematoxylin and eosin. From these sections,
we selected those containing the largest diameter tumor

nodules. The area of each nodule was measured by im-

age analysis in an IBAS Image Analyzer (Carl Zeiss, Inc.,
Thornwood, NY).

Results

Validation of the Injection Procedure

The first experiment was designed to rule out the possi-

bility that the injection of tumor cells into the carotid artery
and the introduction of a bolus of tumor cells into the

brain, followed by the ligation of the injected artery, could

damage and compromise the blood-brain barrier. Mice
were given intracarotid injections of 0.1 ml HBSS or 1 x

1 05 viable KM1 2L4 colon carcinoma cells suspended in
0.1 ml HBSS. The viability of the blood-brain barrier was
determined immediately after the intracarotid injection
and at various intervals thereafter (10 minutes, 20 min-

utes, 30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 8

hours, 12 hours, 24 hours, 2 days, 3 days, 4 days, and 7

days). At each of the time points, we studied the pattern
of sodium fluorescein distribution in the brains of three
mice. At all of these time points, the blood-brain barrier

was intact (Figure 1). The lumina of the vessels were

small, and the sodium fluorescein tracer was confined to

the vessels. The meninges were fluorescent. The distri-

bution of sodium fluorescein in the right and left hemi-

spheres was similar despite the ligation of the right ca-

rotid artery, indicating that the procedure of inoculating
tumor cells into the brain blood circulation did not com-

promise the function of the blood-brain barrier. The in-

jection of tumor cells into the right carotid artery produced
experimental brain metastases in the right hemisphere.
When the lesions were larger than 0.5 mm in diameter,
some tumor cells invaded the left hemisphere and ven-

tricle. Carcinomatous meningitis was not observed.

The Blood-Brain Barrier in Early Stages of
Experimental Brain Metastases

Experimental brain metastases are established from the
proliferation of few surviving cells.3335 The histologic
identification of a tumor colony (metastases) in the brain
can be accomplished when the cut section of a lesion
shows a cluster of 10 or more tumor cells (Figure 2A).
This size lesion was found 7 to 25 days after intracarotid

injection of different human tumor cells. Regardless of the

injected tumor cells, no leakage of sodium fluorescein
was found in and around the emerging, experimental
brain metastases, indicating that the blood-brain barrier
was intact. The data using the human colon cancer cell

line KM12L4 10 days after inoculation into the carotid ar-

tery are shown in Figure 2A and B. The tumor lesions

appeared avascular. The morphology of the blood ves-

sels near the small developing metastases did not differ
from that observed in the brain tissue of the opposite,
unaffected hemisphere.

Permeability of the Blood-Brain Barrier in
Brain Metastases of Different Sizes
Produced by Different Human Neoplasms

We have previously shown that the pattern of brain me-
tastases and their growth rate varies among different
neoplasms.3145 In this study, we injected nude mice with
cells of eight different human tumors. The different neo-
plasms could be divided into two major groups accord-
ing to their growth pattern in the brain. The first group,

consisting of MDA-MB-435 and MDA-MB-468 breast

carcinoma, KM1 2L4 colon carcinoma, SN12A renal cell
cancer, and TXM-34 and A375-SM melanomas, was
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Figure 1. Intravenous injection of sodium fluorescein into (A) normal mice and (B) mice previously given injections of KM12L4 colon
carcinoma into the internal carotid artery 7 days before analysis showed intact blood-brain barrier. Sodium fluorescein was found
exclusively inside blood vessels and the meninges, X250.
Figure 2. A small brain tumor (A, arrow) 10 days after intracarotid artery injection ofKM12L4 showed no leakage ofsodiumfluorescein
in its immediate vicinity (B). The label was observed only inside the blood vessels. The location of the tumor is indicated by an arrow in the
fluorescence micrograph (B), X344.
Figure 3. Experimental brain metastases (0.78 mm2) 4 ueeks after intracarotid artery injection of SN12A renal cell carcinoma showed
extensive leakage of the sodium fluorescein in and surrounding the tumor. A, H&E stain; B, fluorescence. x370.
Figure 4. A large brain metastasis (3 mm2) 4 weeks after intracarotid artety injection of KM12L4 colon carcinoma cells showed central
necrosis (A, arrow). Fluorescence microscopy of this area sboued diffusefluorescence only in the necrotic area (B, arrow). At the periphery
of the tumor, fluorescence was seen onl' inside blood vessels, x 172.

characterized by the formation of multifocal, circum-

scribed lesions in the brain parenchyma. The second

group of tumors, consisting of melanoma cell lines TXM-

13 and TXM-1 8, was characterized by the formation of

multiple diffuse tumor cell clusters (see below).
The size of individual brain lesions increased with

time. Representative data for lesions produced by
KM12L4 colon carcinoma cells are shown in Table 1. The

leakage of fluorescein in and around brain metastases

was directly correlated with the size of individual lesions

and not with their location in the brain parenchyma. We
base this conclusion on the following data: In nude mice
given injections of different human neoplasms, leakage

of fluorescein was only found in lesions exceeding 0.2

mm2 (0.5 mm in diameter) (Figure 3). We examined a

large number of histologic sections of brains from nude

mice given carotid artery injections of cells of different
human neoplasms. Regardless of the tumor type or the

location of the lesion in the nude mouse brain paren-

chyma, the blood-brain barrier was intact in lesions

smaller than 0.2 mm2 (Table 2).
With increasing size of individual experimental brain

metastases, the number of irregular blood vessels within

and surrounding the lesions increased. In most (> 70%)
tumor lesions exceeding 0.5 mm in diameter, we ob-

served some degeneration or necrosis. Intravenous in-

jection of sodium fluorescein revealed that the blood-
brain barrier in these lesions was not intact because leak-

age of the dye was often observed. An example of these
findings is shown in Figure 3 with brain metastases of

human renal cell carcinoma SN12A. Central necrosis of

Table 1. Size ofBrain Metastases Produced by Human
Colon Carcinomwa KM12L4 Cells Injected into the Carotid
Artery ofNude Mice

Number of
Time (weeks) lesions

Size (mm2)

Median Range

3 0.016 0.003-0.03
5 0.09 0.009-0.2

21 0.5 0.004-2.4
12 1.7 0.02-5.7
13 4.5 0.03-6.7

1 x 105 KM12L4 cells were injected into the internal carotid

artery of nude mice. Three mice were killed at the indicated times.
The data are median size in mm2 of experimental brain-parenchyma
metastases.

the lesion, however, was not necessarily associated with

permeability of the vasculature. In many metastases with

central necrotic zones, the periphery consisted of viable

tumor tissue in which no leakage of fluorescein was found

(Figure 4).
Further evidence to support the conclusion that vas-

cular leakage around brain metastases is correlated with

their size is presented in Figure 5. In brain sections con-

taining many KM1 2L4 colon carcinoma metastases, leak-

age of fluorescein was found in lesions exceeding 0.2
mm2. At the same time, no leakage of the dye was found
in or around smaller lesions. Leakiness of sodium fluores-
cein was found in all tumors growing in the choroid
plexus, regardless of size. This may be due to the fenes-

trated nature of blood vessels in the choroid plexus.1' 31

Two human melanoma cell lines (TXM-13 and TXM-

18) produced diffuse small clusters of tumor cells

throughout the brain parenchyma without a defined mar-

gin (Figure 6). The morphology of the blood vessels (in

and around the lesions) was not remarkable. Some of the
vessels were enlarged but the blood-brain barrier was
intact (Figure 6). The relationship of tumor size to the

blood-brain barrier as described above for well-defined
solitary metastases did not apply to the diffuse tumor le-
sions. Leakage of fluorescein was noted, however, when
small tumor foci enlarged and coalesced to form tumor

masses exceeding 2 mm in diameter and was associ-

ated with central necrosis.

Discussion

Results of previous studies on the permeability of the

blood-brain barrier in neoplasms of the brain (primary

and metastases) were contradictory. Many studies con-
cluded that the blood-brain barrier is not intact in most
brain lesions, 1012'18'19'29 with the degree of blood-brain
barrier permeability differing among different anatomic
locations (in the brain) and the size of the lesions.2'939 In
other tumor systems, the blood-brain barrier was intact in
and around experimental brain metastases.31 '40 The dis-
crepancy in these results is likely due to observations with
different tumors used under different experimental sys-
tems.40 Clearly, even the same tumor cells could pro-

2
3
4
5
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Table 2. Size ofExperimental Brain Metastases and Permeability of the Blood-brain Barrier to Sodium Fluorescein

Size (mm2)
Status of the

Tumor blood-brain barrier Median Range

A375-SM melanoma Intact 0.004 0.003-0.006
Permeable 3.7 1.6-9.1

TXM-34 melanoma Intact 0.2 0.08-0.2
Permeable 1.7 0.3-10.1

KM12L4 colon carcinoma Intact 0.06 0.003-0.2
Permeable 1.2 0.3-16.7

SN12 renal carcinoma Intact 0.2 0.02-0.2
Permeable 0.8 0.3-3.9

MDA-435 breast carcinoma Intact 0.1 0.01-0.2
Permeable 0.5 0.3-0.9

MDA-468 breast carcinoma Intact 0.01 0.007-0.1
Permeable 4.3 0.3-6.5

1 x 105 viable tumor cells were injected into the internal carotid artery of nude mice. The mice were killed at different intervals thereafter
(n = 3). The data are median size in mm2 of at least 20 lesions/tumor line. Permeability of the blood-brain barrier was determined by vascular
retention of sodium fluorescein.

duce different results subsequent to direct (intracerebral)
injection or intracarotid inoculation."9

In the current study, we investigated eight different
human tumor cell lines inoculated into the internal carotid
arteries of nude mice. The tumors produced lesions in

different regions of the brain, and the pattern of the le-
sions varied from diffuse to solitary with well-defined mar-

gins. The results demonstrate that the permeability of the
blood-brain barrier in and around experimental brain
metastases correlated with their size and, hence, with
their pattern of growth.

Of several molecular tracers used to study the perme-
ability of the blood-brain barrier, we chose sodium fluo-
rescein.37 Despite its low molecular weight (MW 376),
this hydrosoluble molecule is excluded from the brain by
an intact blood-brain barrier.3 ' '4'42 Sodium fluores-
cein is not sensitive to minor or transient changes in

blood-brain barrier permeability, and unlike horseradish
peroxidase, it is not transported into brain tissue by non-

specific endocytosis.43 This molecule is therefore most
suitable for studies of blood-brain barrier functions in
brain metastases.
We have established an animal model to study the

pathogenesis and therapy of experimental brain me-
tastases that are established subsequent to inoculation of
tumor cells into the internal carotid artery.32-344'45 Be-
fore studying the function of the blood-brain barrier in
such brain lesions, we had to rule out that the procedure
of intracarotid injection, which is followed by ligation of the
artery, or the entry of a bolus of tumor cells into the brain,
may damage the endothelial cells of the cerebromi-
crovessels and, thus, change the permeability of the
blood-brain barrier. We therefore examined the blood-
brain barrier in a large number of mice that were killed at
different times after the intracarotid injection of either
HBSS or KM1 2L4 cells. At no time (0 to 7 days postinjec-
tion) did we observe alterations in permeability of the

blood-brain barrier. This finding validated the model for
examining the blood-brain barrier in brain tumor lesions.

Previous data from our laboratory showed that mouse
blood monocytes-macrophages infiltrate brain me-
tastases produced by a fibrosarcoma growing in synge-
neic immunocompetent mice, whereas activated T-lym-
phocytes were not detected.31 This is in contrast to au-
toimmune encephalitis, where infiltration by
T-lymphocytes is followed by macrophages.38 These
data therefore suggest that the absence of T-lympho-
cytes in nude mice does not present an artifact of this
metastatic cascade.

The use of 14C-labeled alpha-aminoisobutyric acid as
a tracer demonstrated an increase in capillary permeabil-
ity with increasing size of experimental brain metastases
in rats.29 Similarly, an increased blood-brain barrier per-
meability was found in brain tumors induced in
rats.19'30'46 Most of the evidence that human tumor cells
can also induce such changes have been based on mor-
phologic and not on functional observations.12'15'16 Our
observations of blood-brain barrier function in solitary
brain metastases produced by different human tumor
cells are in agreement with the previous studies in
rats.19'29'30'46 In rat tumors, however, the critical size of
lesions that maintained an intact blood-brain barrier was
1 to 4 mm in diameter. In our study, the critical size of
lesions with an intact blood-brain barrier was <0.2 mm2
or 0.5 mm in diameter. Although these differences could
be due to the use of different tracers, the possibility that
the differences are also due to the origin of the tumors
(human versus rat) cannot be excluded.

Leakage through the blood-brain barrier may be due
to endothelial alterations brought about by tumor cells in
the perivascular space.47 Several ultrastructural studies
concluded that brain tumors disrupt adjacent endothe-
lium.12'48 In our study with eight different human tumor
cell lines, the lesions in the brain parenchyma were either
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Figure 5. Multiple brainparenchymal metastases of varying sizes 4 weeks after intracarotid artery injection ofKM12L4 colon carcinoma are
shoun in an H&E-stained section (A). Thefluorescence ofselected areas representing (B) small (<0.2 mm2) and (C) large (>4.0 mm2) tumor
nodules showed difusefluorescence only in the large tumor nodule. Fluorescence was limited to the blood vessels in the brain parenchyma
surrounding the tumor nodules, x 172.
Figure 6. The human melanoma TXM-13 injected into the carotid artery 50 days earlier exhihited a diffuse pattern ofgrowth in the brain
parenchyma (A, H&E stain). Fluorescence microscopy of the same area showed that sodium fluorescein was limited to the blood vessels only
(B), x260.

well demarcated with well-defined, margins or diffuse le-

sions throughout a region of the parenchyma. We found
that the solitary well-defined lesions had a lower density
of blood vessels than normal brain tissue. The blood-

brain barrier is known to become permeable in ischemic

regions of the brain where increased endothelial pinocy-

tosis, opening of the interendothelial tight junctions, and

damage to endothelial cells have all been observed.49
We found that degeneration and central necrosis often
occurred in large (>0.5 mm in diameter, 0.2 mm2) brain
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metastases. In these lesions, therefore, damage to endo-

thelial cells may compromise the integrity of the blood-

brain barrier.
We have previously reported that the blood-brain bar-

rier was intact in established mouse UV-2237 fibrosar-

coma brain metastases.31 Two human melanoma cell
lines (TXM-1 3, TXM-1 8) studied here produced the same

phenomenon. The common characteristic to these
mouse and human brain metastases was their diffuse

pattern of growth. The permeability of the blood-brain
barrier in these lesions was not increased as compared
with normal brain tissue unless the tumor cell clusters

coalesced to form large tumor masses. Studies using the

transplantation of quail avascularized embryonic meso-

dermal tissue into the brain of chick embryos50 and an in
vitro study of endothelial cell-astrocyte interactions51
demonstrated that signals arising within the brain, rather
than a programmed commitment of the endothelial cells,
are responsible for the function of the blood-brain barrier.
The integrity of the barrier around small lesions (me-
tastases) shows that the barrier can repair after passage
of metastatic cells into the brain parenchyma. Moreover,
the interaction of astrocytes with endothelial cells and

elongated cytoplasmic processes of oligodendrocytes
are likely to be important in maintaining a functional
blood-brain barrier.1 A growing tumor mass may disturb
this interaction, especially if it depends on contact be-

tween astrocytes and endothelial cells. In any event, the
normal brain tissue interspersed among the small tumor

clusters or surrounding small tumor lesions might be re-

sponsible for the normal function of the blood-brain bar-

rier.
Clinical observations have concluded that primary

brain cancers and brain metastases are relatively resis-
tant to most chemotherapeutic drugs.610 Experimental
data with human tumor cells growing in the brain of nude
mice support this conclusion.52 Because the blood-brain
barrier is not intact in experimental brain metastases that

exceed 0.2 mm2, the resistance to chemotherapy may
be due to other mechanisms. We did not investigate
whether the blood-brain barrier in experimental brain
metastases is metabolically dysfunctional in glucose
transport5 or saturable molecules.54 Future work should

address this possibility.
In conclusion, the results indicate that the permeability

of the blood-brain barrier in experimental brain me-
tastases produced by eight different human tumor cells
after injection into the carotid artery of nude mice was
determined by the location of tumor lesions in the brain
and by the size and pattern of growth of the lesions.
These results may provide a useful reference for studies
designed to understand the biology and therapy of brain
metastases.
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