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Abstract

Interactions between tumor cells and the microenvironment are crucial to tumor formation and
metastasis. The central nervous system serves as a “sanctuary” site for metastasis, resulting in poor
prognosis in diagnosed patients. The incidence of brain metastasis is increasing; however, little is
known about interactions between the brain and metastatic cells. Brain pathology was examined in
an experimental model system of brain metastasis, using a subline of MDA-MB-231 human breast
cancer cells. The results were compared with an analysis of sixteen resected human brain
metastases of breast cancer. Experimental metastases formed preferentially in specific brain
regions, with a distribution similar to clinical cases. In both the 231-BR model, and in human
specimens, Ki67 expression indicated that metastases were highly proliferative (~50%). Little
apoptosis was observed in either set of tumors. In the model system, metastases elicited a brain
inflammatory response, with extensive reactive gliosis surrounding metastases. Similarly, large
numbers of glial cells were found within the inner tumor mass of human brain metastases. In vitro
co-cultures demonstrated that glia induced a ~5-fold increase in metastatic cell proliferation (P <
0.001), suggesting that brain tissue secretes factors conducive to tumor cell growth. Molecules
used to signal between tumor cells and the surrounding glia could provide a new avenue of
therapeutic targets for brain metastases.
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Introduction

Greater than 100,000 cancer patients each year, in the United States alone, develop brain
metastases [1]. The prognosis of these patients is dismal, with ~80% mortality within 1 year
of diagnosis [2]. While melanoma has the greatest propensity to form secondary lesions in
the brain, the higher incidence of breast and lung cancers make these tumors the most
common origin of brain metastases [1]. Brain metastases are thought to be hematogenous in
origin, and most breast cancer patients present visceral metastases prior to the formation of
brain lesions [1,2]. Traditionally, only 10-16% of metastatic breast cancer patients
developed brain metastases. The incidence appears to be increasing, however, especially
among Her-2* and triple-negative subsets [3,4]. This is likely the result, at least in part, of
the development of therapeutic agents which successfully treat visceral, but not brain
metastases. Thus, the brain becomes a “sanctuary” site for metastases.

Therapeutic intervention for brain metastatic disease is extremely limited. Radiation therapy,
both stereotactic and whole brain, is the most common treatment. There is a significant
impact on the quality of life for many patients [1,5,6]. Surgical resection, with or without
accompanying whole brain radiation, is also performed. The blood brain barrier poses a
significant obstacle in delivering most drugs into the brain [7]. As a result, chemotherapy
has rarely been used to treat brain metastases. However, significant effort is being made to
identify drugs which either disrupt or penetrate the blood-brain barrier [5,7-9].

Xenograft model systems of brain metastasis have been developed [10-18]. Four models
specific to breast cancer brain metastasis have been described, with preferential metastasis to
the brain by hematogenous spread. Rye, et al. [19] described isolation of metastatic cells
from the bone marrow of a patient with grade-11 invasive lobular carcinoma. Two of the
model systems [12,17], developed in parallel, used in vivo passage in the mouse to select
highly brain metastatic derivative lines of human MDA-MB-231 breast cancer cells. The
MDA-MB-231-Parental cell line was originally isolated from a pleural effusion. A fourth
model system has recently been described [10]. These four model systems have provided
insight into the molecular events associated with progression to brain metastasis, as well as
serving as models for potential therapeutics. Kim et al. [12] demonstrated that brain
metastatic cells upregulated expression of Vascular Endothelial Growth Factor (VEGF)
expression, and that a VEGF inhibitor retarded growth of brain metastases in their
“MDA-231 BR3” model system. Chen et al. [10] showed that adaptation of their “BCM2”
cell line to the brain was associated with changes in cell metabolism, including enhanced
mitochondrial respiration. Using the “231-BR” xenograft model system, we have reported
increased brain metastatic potential upon overexpression of the Human Epidermal Growth
Factor-2 receptor, Her-2 [3]. Furthermore, the Her-2 inhibitor Lapatanib retarded growth of
brain metastases, suggesting some efficacy of this agent in preventing brain metastases [20].
To date, work on the model systems has primarily focused on changes intrinsic to the
metastatic cancer cells. Little is known about interactions and effects that the metastatic
cancer cells have on the surrounding brain.

More than 100 years ago, Paget proposed a “seed and soil” hypothesis to explain the
propensity of tumors to metastasize to specific organs despite hematogenous spread of
tumor cells throughout the body [21]. Since then, numerous studies have demonstrated that
interactions between cancer cells and the surrounding microenvironment are crucial to tumor

Clin Exp Metastasis. Author manuscript; available in PMC 2009 May 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fitzgerald et al.

Page 3

growth [22-26]. The success of a number of new therapeutic agents in the treatment of
multiple myeloma, underscores the importance of these tumor-microenvironment
interactions [27,28].

The brain may provide a particularly unique microenvironment. The extracellular matrix of
the brain, although still poorly characterized, is very different from the viscera. It has a
structural organization mainly based on the linear polysaccharide hyaluronan and
chondroitin sulfate proteoglycans [29,30]. The blood brain barrier tightly regulates traffic
into the brain parenchyma. Tight junctions between vascular endothelial cells, close
association with brain astrocytes and pericytes, and high expression of protein efflux pumps,
create a vasculature unlike any other in the body [7,31]. This barrier also creates an immune
privileged environment. Normal brain has very few lymphocytes [32]. The brain has its own
population of macrophage-like cells, called microglia, which are thought to populate the
brain prior to birth [33]. In response to brain injury, these cells, along with other resident
glial cells, including those of the astrocytic lineage, become activated, resulting in a
“reactive glial” response. These cells become hypertrophic and motile, and infiltrate the site
of injury to form a glial scar [33,34]. Numerous studies have shown that gene expression in
reactive glial cells is very different from normal brain [35-40]. Even in their “resting state”,
astrocytes, oligodendrocytes, and microglia function as much more than a scaffold,
associating with neurons to promote their survival and activity, as well as helping maintain
the blood brain barrier [41,42].

In this manuscript we provide an analysis of the 231-BR xenograft model for brain
metastasis of breast cancer. We report that tumor cells colonize in meninges, ventricles, and
throughout the brain parenchyma, but show high incidence in specific brain regions.
Metastases in all brain regions are highly proliferative with little apoptosis. Metastatic
colonization is accompanied by an extensive response in the surrounding brain tissue,
recruiting large numbers of reactive glia. Glial cells secrete factors which significantly
increase the growth potential of the 231-BR metastatic cells in vitro, suggesting that the
reactive brain may potentiate metastatic colonization in vivo. Finally, we compare these data
to a cohort of surgically resected human brain metastases of breast cancer and establish that
these trends also exist in clinical cases.

Materials and methods

Human metastatic brain tissue

Cell culture

Samples were coded with no patient identifiers and approved by the National Cancer
Institute (NCI) Office of Human Subjects Research. Diagnosis and histopathologic
characteristics were confirmed by a single pathologist before use in the study. Unfixed tissue
samples were flash frozen in O.C.T. compound (Tissue-Tek). 5 uM frozen sections were
prepared on Superfrost/Plus slides using a Shandon Cryotome FE cryostat. For
immunofluorescent analysis, cut sections were fixed in 4% paraformaldehyde in Phosphate
Buffered Saline (PBS pH ~ 7.4) for 15 min.

Production of an EGFP expressing variant of the highly brain metastatic breast cancer cell
line, MDA-MB-231-Brain (231-BR), was described previously [3]. These, and all cells used
in this study, were maintained in culture in Dulbecco's Modified Eagle's Medium (DMEM)
plus 10% Fetal Bovine Serum (FBS), in 5% CO,. MRC5 human lung fibroblasts were
obtained from The American Type Culture Collection (ATCC). Mixed glial cell cultures
were prepared from the forebrains of postnatal day 1-3 C57/BI6 mouse pups. Forebrains
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were digested briefly in 0.25% trypsin, and cells seeded and maintained in DMEM +10%
FBS.

Mouse model of brain metastasis

Animal experiments were conducted under an approved Animal Use Agreement with the
NCI. Under isoflurane/O, anesthesia, 5- to 7-week-old female BALB/c nude or NIH nu/nu
mice (Charles River Laboratories) were inoculated with 10,000-175,000 cells in 0.1 ml PBS
in the left cardiac ventricle. Mice were euthanized under CO, asphyxiation after 4-5 weeks,
which correlated with the onset of neurological symptoms. Subsets of these mice were
perfused with PBS followed by 4% paraformaldehyde, for optimal fixation of brain tissue,
prior to surgical excision of the brain. Brains were bisected along the sagittal plane, and the
right hemisphere fixed in 4% paraformaldehyde for 24 to 48 h at 4°C, transferred to 20%
sucrose overnight at 4°C, and then flash frozen in OCT. Cryosections (5-10 uM thick) were
serially cut and processed for histology and immunofluorescence analyses.

Histological and immunofluorescence analyses

Double-stains were performed using standard protocols with Eosin Y Solution and Mayer's
Hematoxylin Solution (H&E) from Sigma Aldrich. For immunofluorescence analyses,
sections were pre-blocked in PBS containing 2% FBS, 2% Goat Serum, and 0.2%
TritonX-100 for several hours. Antibody incubations and all washes were carried out using
this solution at room temperature. Sections were incubated for 1-2 h with primary antibody
diluted 1:10-1:200. The following antibodies were used: rabbit polyclonal anti-Cleaved
Caspase 3 (Cell Signaling Technology); rat anti-mouse CD11b (Chemicon); rat anti-mouse
CD45 (Chemicon); mouse anti-human CD68 clone KP1 (DakoCytomation); mouse anti-
human cytokeratin clone MNF116 (DakoCytomation); mouse anti-human mitochondria
clone MTCO2 (Thermo Scientific); rabbit polyclonal anti-pan cytokeratin (Zymed
laboratories); rabbit anti-cow Glial Fibrillary Acidic Protein (DakoCytomation); rabbit
monoclonal anti-Ki67 (Vector Laboratories); and rabbit polyclonal anti-(C-terminus)
Neurofilament M (Chemicon). Secondary antibodies used were goat-anti-mouse and goat-
anti-rabbit 1gG antibodies conjugated to Alexa488 and Alexa546 (Molecular Probes),
diluted 1:500, as above, for 1-2 h. Mouse antibodies used in non-perfused brains were
directly conjugated to the Alexa488 Zenon reagent (Molecular Probes). Nuclei were
visualized by the addition of 200 ug/ml DAPI nucleic acid stain (4’, 6-diamidino-2-
phenylindole, dilactate, Molecular Probes) to the secondary antibody mixture. Sections were
mounted in Fluorescent Mounting Medium (DakoCytomation), and photographed using a
Zeiss Axioskop mot plus microscope with an Axiocam digital camera and Openlab software.

Analysis of tumor distribution in the mouse brain

Ten sagittal sections, spaced every 300 uM, were cut through one hemisphere of each mouse
brain and stained with H&E. The locations of hematoxylin-bright clusters of metastatic
growth were identified by bright-field observation using a 5x objective lens.

Soft agar colonization assays

Ten thousand metastatic cells (MDA-MB-231 [231-Parental] or the brain metastatic
derivative 231-BR) were plated in 2 ml of DMEM +10% FBS, with the addition of 0.3% (w/
v) Bactoagar, over a 2 ml layer of 0.7% bottom agar. For co-culture experiments, 20,000
mixed glial cells, or 20,000 MRCS5 lung fibroblast cells, were added to the 2 ml top agar.
After 14 days in culture, colonies (>50 um diameter) were counted under low magnification
using a Nikon Eclipse TE2000-U inverted microscope. Images were captured using a Nikon
Digital DXM1200 Camera with ACT-1 software. Results are representative of three (MRC5
co-culture) or five (glia co-culture) independent experiments, each performed in triplicate.
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One-way Analysis of Variance (ANOVA) was performed on data sets using InStat version
3.0a for Macintosh (GraphPad Software), and yielded a significance of P < 0.0001 for
difference between 231-BR alone versus co-culture with glia and between 231-BR versus
231-Parental.

Distribution and growth of brain metastases in the 231-BR xenograft model

Isolation of the MDA-MB-231 derivative line 231-BR by repeated in vivo selection was
previously reported [17]. Magnetic Resonance Imaging of injected cells revealed that they
distributed rapidly throughout the brain vasculature, but that the majority (>80%) of these
cells disappeared in the first few days post-injection [43]. The exceptional tumor cells which
survived formed metastases throughout the parenchyma (Fig. 1a and b). Meningeal (Fig. 1c)
and ventricular (Fig. 1d) metastases were also observed at a high frequency. In most
experiments 175,000 231-BR cells were injected. At this cell dose, numerous metastases
populated the parenchyma. Mice were necropsied approximately 23-28 days post-injection,
when neurologic symptoms were often apparent. Most of the metastatic growth manifested
as clusters of micrometastases which appeared to be growing along blood vessels. Larger
(>50 um?) solid masses of metastatic growth, expanding away from the vasculature, were
observed at a much lower frequencies (~3%). Introduction of fewer cells (10,000-40,000)
allowed us to prolong the period of metastatic growth to 5 weeks before the onset of
neurologic symptoms. At this point, numerous larger parenchymal metastases were apparent
(Fig. 1b).

We asked whether experimental metastases developed in all regions of the brain, or
preferentially in specific areas. Sagittal step sections through one hemisphere of 20 mouse
brains were analyzed to determine the locations of metastases in the brain (Fig. 2).
Metastases were found in all regions of the brain; however, the distribution of metastases
was non-random. Metastases were invariably found in the cerebral cortex. The most
common site of metastasis (100% of mice) was the frontal region of the cerebral cortex,
frequently in the area of the olfactory cortex. The second most frequent site was the parietal/
temporal cortex (95% of mice), most often found immediately dorsal to the hippocampal
formation. Metastases were also almost always found in the hippocampus (90% of mice);
and the medulla oblongata (90% of cases), most often in the dorsal medulla in the area of the
4th ventricle. In contrast, metastatic tumors were under-represented in more ventral
structures of the forebrain, especially in basal ganglia (only 15% of mice), and the
hypothalamus (only 20% of mice), and metastases in these regions were typically smaller.

Many metastatic clusters appeared along grey-white matter junctions. Moreover, metastases
in all regions of the brain appeared more likely to be found near ventricles, and were often
associated with metastatic growth in the ventricles. This was especially true around the 3™
ventricle, in the thalamus and midbrain, as well as in the hippocampus and visual cortex.
The most common sites of ventricular metastases were in the 3™ ventricle beneath the
hippocampus (60% of mice), and in the 4th ventricle between the cerebellum and medulla
oblongata (60% of mice). Meningeal metastases could be found in 65% of the mice.
Common sites for meningeal metastases were the ventral brain between the hypothalamus
and pons; in association with the olfactory cortex; and dorsal to the midbrain and
cerebellum.

Cell proliferation and cell death in mouse brains with 231-BR metastases

We performed immunofluorescence analysis with anti-Ki67 and anti-Cleaved Caspase-3
antibodies, commonly used markers for cell proliferation and for apoptotic cell death,
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respectively (Fig. 3). Enhanced Green Fluorescent Protein (EGFP) expressing 231-BR
tumor cells were co-stained with an anti-pan cytokeratin antibody (clone MNF116) for easy
identification (green in Figs. 3, 4, and 5) in the mouse brain, although clusters of human
tumor cells could also be differentiated from mouse brain cells based on the size and
appearance of their nuclei stained with DAPI (blue in Figs. 3, 4, and 5). As expected,
cycling cells were exceptional in normal adult mouse brain. Although metastasis results in
an extensive brain injury response (see below), only a very small percentage of the brain
cells surrounding the metastases entered the cell cycle. In contrast, there was a high rate of
proliferation in brain metastases in the 231-BR mouse model (average = 53% cycling cells
[3540/6789 cells in six mice]) (Fig. 3a and b). There was no difference in the rate of
proliferation in micrometastases versus clinical (>50 um? in 10 Im cut sections)
parenchymal metastases (Fig. 3a) or meningeal metastases (Fig. 3b). Moreover, there was no
apparent difference in proliferation of metastases in different brain regions (data not shown).

Apoptotic cells were almost never seen (n = 15 mice) in either metastatic tumor cells, or in
the surrounding mouse brain (Fig. 3d). It should be noted that, in the 231-BR xenograft
model (4-5 weeks), tumors with necrotic cores were rarely seen.

In order to determine whether the 231-BR model was representative of human brain
metastases of breast cancer, a group of 16 surgically-excised brain metastases from breast
cancer patients were analyzed. Frozen sections were prepared and stained with the same
markers for comparison. Comparably high rates of proliferation were seen among
cytokeratin-positive carcinoma cells in the human tumors derived from ductal-breast tissue
(Fig. 3c; see also Fig. 5), ranging from 28-59% with an average of ~47% (Table 1).
Although cell death was observed in the clinical samples, it was largely confined to necrotic
areas (top and lower left areas in Fig. 3e, also see Fig. 5) with a low frequency of apoptosis
among cytokeratin-positive tumor cells (Fig. 3e).

The mouse brain responds to the presence of 231-BR metastases with extensive reactive

gliosis

To determine whether 231-BR tumor cells altered the brain microenvironment, we
performed immunofluorescent staining for common markers of major cells types in the
brain. Multiple sections in a minimum of five mice were examined for each marker,
representative images are shown in Fig. 4. Markers used included: Neurofilament-M,
expressed in the mature neurons of the adult brain (red in Fig. 4a); and Glial Fibrillary
Acidic Protein (GFAP), which is expressed in astrocytes, and is particularly high in motile,
hypertrophic reactive astrocytes in injured brain tissue (red in Fig. 4b-d, and h). Brain
sections were also double-stained with CD11b and CD45, which are expressed in microglia,
the brain macrophage (red in Fig. 4e-g). It should be noted that blood-derived monocytes
would also be recognized with the CD11b/CD45 antibodies. In all cases, the metastatic
carcinoma cells in the mouse brains were identified by expression of EGFP and by co-stain
with anti-pan-cytokeratin or an anti-human mitochondrial antibody (green). Cell nuclei were
counterstained with DAPI (blue).

In co-stains with Neurofilament-M, metastases in all brain regions were generally separated
from neurons by edema (Fig. 4a). However, in co-stains with GFAP and CD11b/CD45,
tumor cells were found in close contact with glial cells. As expected, only a small
percentage of the mature, resting astrocytes in the normal adult brain showed a high level of
GFAP expression (Fig. 4b). In contrast, a high level of GFAP was induced in reactive glia
for a wide radius around the metastases (Fig. 4c), showing an extensive brain injury
response. We analyzed mouse brains at an earlier time point, 14 days after introduction of
the metastatic breast cancer cells. At this point the breast cancer cells are in an early stage of
colonization and only small metastases are evident. GFAP-positive reactive glia are already
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evident at this early time point, and are localized to the area of metastasis (Fig. 4d). Reactive
astrocytes were often seen in direct contact with tumor cells, along the border of the tumor
mass (Fig. 4h). Astrocytes close to the tumor cells were often hypertrophic and less dendritic
relative to more distal astrocytes.

Most resting microglia in normal mouse brain show a low-level of staining with the markers
CD11b and CD 45, although some increased staining is apparent near ventricles (Fig. 4e).
Increased CD11b/CD45 staining around metastatic tumors suggest that reactive microglia, in
addition to reactive astrocytes, were present (Fig. 4f). Microglia were in direct contact with
tumor cells along the border of the tumors (Fig. 4g). Moreover, CD11b/CD45-positive cells
were often seen infiltrating the inner tumor mass. Cells in or near metastases often appeared
phagocytic, whereas more distant CD11b/CD45-positive cells were typically dendritic/
arboreal in appearance (compare Fig. 4g to inset in Fig. 4e).

Brain metastases from breast cancer patients contain significant masses of glial cells
inside the tumors

We compared the mouse model to sixteen surgical samples from human breast cancer
patients. The same anti-GFAP antibody was used to examine the interaction of astrocytes
with metastatic carcinoma cells in the human brain (red in Fig. 5b, c, e, j, and I). We used
CD68 as a marker for human microglia/macrophages (red in Fig. 5f). The breast-derived
carcinoma cells, which stain intensely with hematoxylin in Fig. 5a, d, i, and k, were
identified with the same anti-pan cytokeratin antibody (green in Fig. 5b, ¢, e, g, h, j, and 1),
or a similar rabbit anti-pan cytokeratin antibody (green in Fig. 5f), which showed the same
specificity. The results are summarized in Table 1. Not surprisingly, reactive astrocytes
expressing high levels of GFAP (Fig. 5b) were found along the borders of the metastatic
tumors (14 of 16 examined). An H&E stain of the same region is shown in Fig. 5a.

We also found islands of astrocytes in the interior of most of the tumors examined (12 of 16
metastases; Fig. 5¢c and e, j, and I). CD68-positive microglia/macrophages co-localized to
these areas (Fig. 5f), which were cytokeratin-negative, and could be identified as separate
from necrotic areas (Fig. 5h). Moreover, the morphology of the nuclei, as seen with DAPI,
or hematoxylin staining, was noticeably different in the islands of glia, with much smaller
nuclei than was seen in the cytokeratin-positive tumor cells. The glia often appeared in large
islands or fingers (6 of 12 samples), between large fingers of cytokeratin-positive carcinoma
cells (Fig. 5d and e), although some tumors (4 of 12 samples) had smaller ribbons of glial
cells (Fig. 5i and j). Thus, gross morphology of the tumors appeared similar to the larger
parenchymal tumors in the mouse model (compare to Fig. 1b). Metastases from patients
with lobular (Fig. 5k and 1) and a patient with inflammatory (not shown) breast cancer also
contained a large number of glial cells within the tumor mass. Again, similar to the 231-BR
mouse model, very few dividing (Fig. 5g) or apoptotic (Fig. 5h) cells were seen among
GFAP-positive cells, either at the border, or in islands of glia inside the tumors. The data
establish a close interaction of brain metastatic tumor cells with reactive glial cells in both
an experimental xenograft model and human samples.

Mouse glial cells stimulate the anchorage independent growth of human breast cancer

cells

Anchorage independent growth of cancer cell lines, seeded in soft agar, has been reported to
correlate with their ability to form visceral metastases in vivo. The 231-BR cells maintain
the ability to grow in soft agar (Fig. 6a), however, as has been reported for other cell lines
selected for preferential metastasis to brain [44], they grow more poorly than related cell
lines which preferentially metastasize to viscera, such as the highly lung metastatic 231-
Parental cells (Fig. 6b). A mixed population of glial cells, derived from normal mouse brain,

Clin Exp Metastasis. Author manuscript; available in PMC 2009 May 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fitzgerald et al.

Page 8

will not grow in soft agar (Fig. 6d). However, when grown in co-culture, brain glial cells
elicited a strong increase (4.8-fold increase, 95% confidence interval 2.77-6.85-fold, n =5
experiments) in the anchorage-independent growth of the 231-BR metastatic cells (Fig. 6c).
MRCS5 lung fibroblasts, in contrast, did not elicit a significant increase in 231-BR cell
colonization (Fig. 6f). Neither glia nor fibroblasts appeared to affect the number of colonies
formed by the already robust 231-Parental breast cancer cell line. Results of typical
experiments are quantified in Fig. 6e.

Discussion

This report provides the first in depth analysis of the pathology of a model system for brain
metastasis of breast cancer. The data obtained from the xenograft model was compared to a
set of sixteen resected human brain metastases of breast cancer. The 231-BR xenograft
model shared a number of similarities with brain metastases from breast cancer patients,
including proliferative and apoptotic rates, and the presence of an inflammatory
microenvironment. As such, the model system may provide insight into brain metastatic
progression, especially at the early stages of growth, before metastases are detectable in
human patients. Moreover, the data support the hypothesis that breast cancer cells alter the
brain microenvironment, and that this altered environment contributes to metastatic
progression.

In the xenograft model, metastases appeared to form preferentially in specific regions of the
brain. Metastases were most commonly found in the frontal and parietal cortex, and in
dorsal medulla oblongata. Moreover, extensive growth was commonly found in the vicinity
of the hippocampus and along the ventricles. Studies of the distribution of brain metastases
of mixed origins, collected from either computed tomographic (CT) scans or magnetic
resonance imaging (in a total of 388 patients between two different studies), reported a
similar pattern, with the highest incidence in frontal and parietal lobes of the cortex, a much
lower incidence in deeper tissues, and frequent lesions along white-grey matter junctions
[45,46].

The brain responds to traumatic brain injury with a reactive glial, or “neuroinflammatory”
response. Mobilized glia of multiple lineages, including astrocytes and microglia, are
recruited to the injured site to form a glial scar [33,34,47]. Reactive glia are radically
different from cells in the resting state [35-40]. Brain injury models in rodents reveal a
complex story of interactions between reactive glia and neurons [34,42,48]. The glia can
provide both stimulatory and inhibitory signals, promoting neuronal survival, and either
stimulating or inhibiting the growth of neuronal cell processes in the injured area. As has
been reported for surgical specimens [49], 231-BR metastatic tumors do not appear to
stimulate proliferation in the surrounding mouse brain. However, in the xenograft model we
observed an extensive reactive glial response in and around even small perivascular
metastases. Analogous to the role of altered fibroblasts and activated inflammatory cells in
primary breast tumors, it is quite possible that the reactive glia create an altered brain
microenvironment which is more permissive to tumor growth/invasion. An analysis of large,
surgically-resected metastases from the brains of human patients revealed significant masses
of glial cells trapped within the inner-tumor mass. The existence of these glial islands
within, as well as surrounding the metastases, provides the possibility of glial-tumor cell
interactions throughout metastatic progression.

Our in vitro results demonstrate that glial cells secrete factors which may promote metastatic
growth. Both resting and activated glia provide a host of factors which contribute to
neuronal survival, and could potentially be co-opted by tumor cells to provide a similar
support function. There is already a long list of candidate factors, known to be produced by

Clin Exp Metastasis. Author manuscript; available in PMC 2009 May 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fitzgerald et al.

Page 9

glial cells, which could affect tumor growth. These include glial cell line-derived
neurotrophic factor, sphingosine-1-phosphate, chemokine CXC motif ligand 12,

transforming growth factor-a and B, interleukins, insulin like growth factor, autotaxin,

heparin-binding epidermal growth factor, hepatocyte growth factor and scatter factor,
chemokine CXC motif ligand 12, epidermal growth factor, pleiotrophin, hepatocyte growth

factor and scatter factor, heparinase, and matrix metalloproteinases [24,50-52]. However,

rodent models suggest that reactive glia can have very different effects on the surrounding

tissue, depending on the context [48]. Metastatic tumor cells could potentially alter the glia

in a novel way, resulting in a unique interaction. Comparisons of gene/protein expression
patterns of parenchymal tissue from normal, injured, and metastatic brain may reveal this
“conversation” between tumor and glia. Similar to recent breakthroughs in the treatment of
cancers in the bone [27], such information could provide a whole new avenue of molecular

targets for therapeutic agents against brain metastasis.
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Fig. 1.

Metastatic colonization in the mouse brain by 231-BR breast cancer cells. (a) Four weeks
after intracardiac injection of metastatic breast cancer cells into a mouse host, the majority
of metastatic growth manifests as clusters of micrometastases, which can be found
throughout the brain parenchyma. In (a), metastases in the cerebral cortex are visible as
hematoxylin-positive cells, separated by edema from the surrounding brain tissue. (b) After
five weeks, larger metastases are evident, which appear to have coalesced into single
tumors. (c) and (d) At four weeks, large metastases are found in the meningeal space (black
arrow in c¢), and in the ventricles (d), suggesting the 231-BR metastatic tumor cells grow
readily in cerebral spinal fluid. Micrometastases in the cerebellum (white arrow) are also
visible in (c). All sections were prepared from mouse brain frozen in O.C.T., stained with
H&E, and photographed with a 10x objective. Scale bars indicate 75 micrometers. BS =
brain stem; CB = cerebellum; CTX = cerebral cortex; LV = lateral ventricle; MB = midbrain
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Fig. 2.

Distribution of 231-BR metastases in the mouse brain. Four to five weeks after introduction
of 231-BR cells, sagittal cryosections were prepared across one hemisphere of the mouse
brain, stained with H&E, and scored for the locations of metastatic tumors. Numbers shown
represent the frequency among 20 mice (*15 with olfactory bulbs attached), in which
metastatic growth was found in a given region of the brain. Numbers in white show the
frequency of metastases in ventricles. The frequency of mice showing at least one meningeal
metastasis along the surface of the brain is indicated below the diagram
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Fig. 3.

Life and death in breast cancer brain metastases. (a) A cluster of 231-BR cell metastases in
the mouse cerebral cortex. Cycling cell nuclei, expressing Ki67, appear pink. Little to no
proliferation is visible in the surrounding brain tissue. Inset in (a) shows positive-control
staining with anti-Ki67 in the crypts of mouse intestine. (b) A meningeal metastasis at the
surface of the brain shows levels of proliferation similar to that of parenchymal metastases.
(c) A surgical sample from a brain metastasis of ductal carcinoma showing many Ki67-
positive cycling tumor cells. (d) Apoptosis is rare in the xenograft model, as is apparent
from the lack of staining for Cleaved Caspase-3 (red). Inset in (d) shows positive-control
staining for Cleaved Caspase-3 in the villi of mouse intestine. (e) A few apoptotic cells are
visible among the proliferating carcinoma cells from a surgical specimen of brain metastasis
of ductal carcinoma. Necrotic areas, at the top and bottom left of (e) also show reactivity to
the anti-Cleaved Capsase-3 antibody; (c) and (e) are from neighboring sections of the same
metastasis. Five micron (human) or ten micron (mouse) sections were prepared from frozen
samples and fixed with paraformaldehyde. Cytokeratin-positive tumor cells are stained
green in all panels, and all nuclei counterstained with DAPI in blue. Scale bars indicate 100
micrometers
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Fig. 4.

Interaction of 231-BR metastases with the mouse brain. (a) A cluster of metastases (green)
separated from Neurofilament-M-positive neuronal cells (red) by edema. (b) Very few
GFAP-positive astrocytes (red) are visible in the cerebral cortex of a control mouse brain.
(c) One month after introduction of 231-BR brain metastatic cells, reactive astrocytes,
visualized by staining for GFAP-positive cells, are visible in a large radius around the
cluster of metastases. (d) Two weeks after introduction of 231-BR cells, only small
metastases are apparent. GFAP-positive reactive astrocytes are already apparent at this early
stage of colonization, and localize to the area of metastasis. (e) Resting microglia (red) in a
normal mouse brain are weakly-positive for CD11b and CD45. Note increased staining
around the ventricle. Inset shows a high magnification view of an arboreal microglial cell.
(f) Reactive microglia also surround the metastases, visualized by increased staining for
CD11b and CD45. (g) A cluster of metastases in the brain stem, showing a higher
magnification view of CD11b and CD45 double-stained microglia/macrophages adjacent to
the metastasis, as well as infiltrating the tumor mass. Nuclei are counterstained with DAPI
(blue). The large, tightly-clustered nuclei correspond with cytokeratin-positive metastatic
tumor cells. (h) A serial section through the same metastasis showing hypertrophic GFAP-
positive astrocytes (red) in direct contact with metastatic cells along the tumor border. All
panels are from ten micron cryostat sections fixed in paraformaldehyde. 231-BR cells are
EGFP-positive, and stained with anti-cytokeratin (green in a, c, and f), or with anti-human
mitochondria (green in d) and cell nuclei are stained with DAPI (blue in panels b, g, h, and
the inset of e). Scale bars indicate 100 micrometers
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Fig. 5.

Large populations of glial cells are found in the inner tumor mass of surgically-resected
brain metastases from breast cancer patients. (a) H&E stain along the border of a brain
metastasis of infiltrating ductal breast cancer. (b) An anti-GFAP antibody (red) reveals
astrocytes along the border of the metastasis shown in (a). (c) GFAP staining in the interior
of a metastasis, showing an island of brain parenchyma trapped in the tumor. (d-h) Serial
sections through the same metastasis of ductal breast cancer. (d) H&E stain in the interior of
a metastasis. (e) Large islands of GFAP-positive astrocytes trapped between clusters of
cytokeratin-positive carcinoma cells. (f) CD68-positive microglia/macrophages co-localize
to the islands of astrocytes. (g) Ki67-positive nuclei are common amongst carcinoma cells,
but rare in the trapped brain parenchyma. (h) Apoptotic cells, identified with an antibody to
Cleaved Caspase-3, are found at a low frequency amongst carcinoma and brain parenchymal
cells. Large necrotic areas are also visible by Caspase-3 staining. (i) H&E stain of another
brain metastasis of ductal carcinoma with smaller clusters of metastatic tumor cells. (j)
Ribbons of astrocytes are present between tumor cells of this metastasis. (k) H&E stain of a
brain metastasis of lobular breast cancer. (1) “Indian files” of carcinoma cells in this
metastasis are surrounded by many astrocytes. All panels are from five micron sections of
snap-frozen tissue, post-fixed with paraformaldehyde. Carcinoma cells are labeled with anti-
cytokeratin (green) and nuclei labeled with DAPI (blue) in panels b, c, e-h, j and I. Scale
bars indicate 100 micrometers
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Fig. 6.

Glial cells from mouse cerebral cortex stimulate anchorage-independent growth of 231-BR
cells in vitro. (a) Colonization by 231-BR cells alone for 14 days in soft agar. (b)
Colonization by 231-Parental (lung metastatic) cells alone for 14 days in soft agar. (c)
Increased colonization of 231-BR cells in co-culture with mixed glial cells for 14 days in
soft agar. (d) Glial cells alone for 14 days in soft agar. (e) Quantification of a typical
experiment, showing the effect of glia on 231-BR growth in soft agar. Mean number of
colonies (>50 um) from triplicate samples * standard deviation are shown. Results of post-
hoc Tukey-Kramer Multiple Comparisons Testing are shown on the graphs. BR = 231-BR
(brain metastatic) cells; P = 231-Parental (lung metastatic) cells. (f) MRC-5 lung fibroblasts
do not stimulate 231-BR cell growth in soft agar (NS = not significant)
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