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Abstract

The limited entry of anticancer drugs into the central nervous system represents a special
therapeutic challenge for patients with brain metastases and is primarily due to the blood brain
barrier (BBB). Albumin-bound Evans blue (EB) dye is too large to cross the BBB but can grossly
stain tissue blue when the BBB is disrupted. The course of tumor development and the integrity of
the BBB were studied in three preclinical breast cancer brain metastasis (BCBM) models. A
luciferase-transduced braintropic clone of MDA-231 cell line was used. Nude mice were subjected
to stereotactic intracerebral inoculation, mammary fat pad-derived tumor fragment implantation,
or carotid artery injections. EB was injected 30 min prior to euthanasia at various timepoints for
each of the BCBM model animals. Serial bioluminescent imaging demonstrated exponential tumor
growth in all models. Carotid BCBM appeared as diffuse multifocal cell clusters. EB aided the
localization of metastases ex vivo. Tumor implants stained blue at 7 days whereas gross staining
was not evident until day 14 in the stereotactic model and day 28 for the carotid model. EB
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assessment of the integrity of the BBB provides useful information relevant to drug testing in
preclinical BCBM models.
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Introduction

An increasing number of women with breast cancer develop brain metastases with disease
progression, either as a site of first failure or accompanying extracranial metastatic disease
[1-6]. Triple negative and HER2 overexpressing cancers are disproportionately represented
[7-10]. However, new patterns are emerging in the case of HER2 positive breast cancers
treated adjuvantly with trastuzumab. This has led to a dramatic drop in the number of
patients developing non-central nervous system (CNS) metastases in addition to a relative
increase in the incidence of brain metastases and the proportion of patients with brain as first
site of recurrence [6, 11]. The limited access of many anticancer drugs to the CNS poses a
special therapeutic challenge for patients who develop brain metastases. Supratentorial
parenchymal lesions are the most common sites of CNS metastases occurring in the
watershed vascular regions of the brain, while leptomeningeal metastases comprise less than
20 %of cases [11-13]. Surgical resection and/or brain radiotherapy are the most effective
interventions available. Chemotherapy in general has poor or limited penetrance in the brain,
but newer targeted agents are associated with more promising outcomes [2, 14].

The blood brain barrier (BBB) is believed to represent a major impediment to the effective
delivery of many anticancer drugs to the CNS in spite of the fact that the tumor-associated
vasculature is more permeable [1]. At the cellular level, the BBB consists of a capillary
endothelium lacking fenestrations and connected via tight junctions [15]. Additionally,
efflux transport proteins localized on the endothelium further diminish the effectiveness of
circulating drugs [16]. It is widely believed that modification of the BBB is initiated, as
tumor cells proliferate in the brain. As permeability increases, the entry of drugs to the brain
improves, although the data documenting this phenomenon are sparse [17].

Experimental breast cancer brain metastasis (BCBM) models can be technically challenging
but play an important role in the study of metastasis and testing of new treatments.
Hematogenous-derived brain metastases have been most successfully reproduced using
intra-cardiac or carotid artery injections with only a few human breast cancer cell lines,
specifically a braintropic clone of MDA-MB-231 and HER2-transfected MCF-7 cells [5, 18,
19]. Cardiac and carotid injections require special expertise including ultrasound guidance
for the former and microscopic dissection for the latter [19-21]. In contrast, tumor fragment
implantation and stereotactic injection models are easier to execute and better tolerated by
the animals.

From an experimental viewpoint, ascertaining the status of the BBB in brain metastasis
animal models is useful for the interpretation of drug therapies in the CNS and where the
rate-limiting step may be the BBB. A relatively simple way to assess BBB permeability is
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with the use of a detectable agent too large to cross an intact BBB. Evans blue (EB) dye
binds to albumin forming a 68 kDa complex, which cannot cross an intact BBB and, thus,
cannot enter the CNS [22-24]. Alternatively, when the BBB is disrupted, the adjacent tissue
will stain blue. We describe here the anatomic integrity of BBB in BCBM models. Each
model can theoretically simulate clinical scenarios and thus may be useful in preclinical
studies of brain metastases treatments.

Materials and methods

Three BCBM mouse models were developed using a brain-tropic clone of the human ER,
PR, and HER2 negative MDA-MB-231 breast cancer cell line (kindly provided by Dr.
Yoneda of University of Texas Health Science Center at San Antonio, TX, USA). Moreover,
this cell line was transduced with two reporter genes, one gene encoding for the sodium
iodide symporter (NIS) gene under an internal CMV promoter and linked bicistronically to
the firefly luciferase (luc) gene. Once transduced, single cell colonies isolated by limiting
dilution cells were screened in vitro for luc activity and were selected for the highest
bioluminescent signal. Cells were maintained with limited passaging in RPMI medium with
10 % fetal bovine serum and 1 % penicillin and streptomycin. Prior to animal injection, cells
were cultured until 70 % confluent and re-suspended in phosphate-buffered solution.

Animal experiments

All animal experiments were conducted under the approval of the Administrative Panel on
Laboratory Animal Care (APLAC) at Stanford University. Female Ncr-nu nude mice (5-8
weeks old; Taconic, Oxnard, CA, USA) were used. Mice were anesthetized with continuous
2-3 % isoflurane via a nose cone for all experiments except the stereotactic model whereby
the anchoring of the mice does not permit the administration of anesthetic gas.

Stereotactic intracranial injection of tumor cells

Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) solution IP and
placed prone on a stereotactic frame (David Kopf Instruments, Tujunga, CA, USA). A 0.5-
mm burr hole, 2-mm lateral, and 2-mm posterior to the bregma were made using an F.S.T.
High Speed Micro-Drill and a carbon steel burr tip under a dissecting microscope (Seiler
Precision Microscopes, St. Louis, MO, USA). Following dural penetration, a 5 pl 26-gauge
fixed-needle microinjector syringe (Hamilton Microliter™ #75, Hamilton Co, Reno, NV,
USA) was inserted 2.5-mm deep into the region of the basal ganglia. A 2 pl cell suspension
containing 2-3 x 10° tumor cells was delivered over a period of 5 min (Fig. 1a). The needle
was then retracted over a 5-min period. The burr hole was then sealed with bone wax and
the scalp sutured. Mice were weighed and imaged serially on a biweekly basis to monitor
bioluminescent tumor development.

Intracranial implantation of mammary fat-pad (MFP) xenografts

Continuous isoflurane (2-3 %) anesthesia was used for all the experiments. Orthotopic
tumor xenografts were developed in the MFP with 2.5 x 106 cells suspended in Matrigel
(BD Biosciences, San Jose, CA, USA). Intracranial tumor transplantation was performed
once MFP tumors had achieved a diameter greater than 7 mm (about 2 weeks post-
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injection). Mice were injected with luciferin IP 15 min before MFP tumors were excised and
minced into 1-mm3 fragments (Fig. 2a). These pieces were imaged ex vivo to identify the
most bioluminescent fragments for transplant. A 1-mm burr hole was made at the same
anatomic location described above for stereotactic inoculation. The dural surface was
disrupted, and the tumor fragment was gently inserted into brain parenchyma. The burr hole
was sealed using bone wax, and the scalp was sutured. Mice were weighed and serially
imaged on a biweekly basis as previously described.

Carotid injection

Mice were anesthetized as previously described for intracranial implantation. A vertical
incision was made from below the hyoid bone toward the sternal notch. Tissue antero-lateral
to the trachea was bluntly dissected, and the strap muscles were swept laterally (Fig. 3a). A
33 gage Hamilton needle attached to a 10 ul Hamilton micro-injector syringe was used to
inject a suspension of 2.5-7.5 x 10* cells in a volume of 5 pl PBS into the left common
carotid artery (CCA) just proximal to the bifurcation, with or without occlusion of external
carotid artery (ECA). Gentle pressure with absorbable gelatin sponge (Surgifoam U.S.P,
Ethicon) was applied to control needlepoint bleeding. The skin was re-approximated with
6-0 silk interrupted sutures. Mice were weighed on a biweekly basis and judiciously
hydrated on a daily basis with subcutaneous saline during the first post-procedure week.

In vivo bioluminescent imaging

Mice were serially imaged at day 4 or 5 post-injection in the stereotactic and implant models
and then continued twice per week, until mice were euthanized. Carotid injection mice were
not imaged until day 10. Luciferin (150 mg/kg mouse; Biosynth International Inc, Itasca, IL,
USA) was injected IP and anesthetized with isoflurane (2-3 %). Imaging was performed
with a cooled charge-coupled device camera system (IVIS Imaging System 100; Caliper
Life Sciences, Hopkinton, M, USA). Animals were imaged with 30-s exposures every 3
min, until the peak value of bioluminescent flux (photons/second) was observed.
Bioluminescence was analyzed using Living Image software (version 4.3; Caliper Life
Sciences, Hopkinton, MA, USA). The same region of interest (ROI) was applied
sequentially and for all mice. ROI was also measured for background bioluminescence for
each mouse. Successful tumor generation was defined by bioluminescence for signals
greater than background flux (10° p/s).

Three-dimensional BLI (IVIS-Spectrum; Xenogen/Caliper Life Sciences) and computer
tomography (CT) scans (Flex-SPECT-CT; Gamma Medica Ideas/TriFoil Imaging,
Northridge, CA, USA) were performed on representative animals from each of the BCBM
models. CT with BLI overlay data generated tumor localization in the brain, which was
analyzed with Living Image 3D (Caliper Life Science) and GEHC Microview (GE
Healthcare) software.

BBB integrity

EB staining was studied at various timepoints for each of the BCBM model animals. Time
intervals from implantation or injection to tumor development differed from one model to
the next. Solution of 2 % EB was injected (4 ml/kg) via the femoral vein in anesthetized
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animals and allowed to circulate for 30 min [24]. Deeply anesthetized mice were perfused
with physiological saline to wash out excess EB and then euthanized. Brains were extracted
and placed in 10 % neutral buffered formalin prior to processing and sectioning. EB staining
was photographically recorded. Following sectioning, slides were placed in xylene for 30
min prior to mounting. EB penetration through the BBB was further assessed by fluorescent
microscopy (Nikon Eclipse 80i).

Histology and immunohistochemistry

Results

Formalin-fixed tissues were embedded in paraffin, and 5 um coronal sections were stained
with hematoxylin and eosin (H&E). To identify human tumor cells in the brain parenchyma,
representative sections were stained with monoclonal anti-HLA Class 1 ABC antibody
(clone EMR8-5, Abcam Inc., Cambridge, MA, USA). Microscopic images were viewed
(Nikon Microscope 80i) and obtained on a mounted digital camera (Nikon Digital Camera
DXM1200F).

Stereotactic injection of tumor cells was the quickest method, taking approximately 20 min,
and resulting in the shortest time to develop brain metastasis (Fig. 1). The major
disadvantage of stereotactic injection is the setup, which requires immobilizing the head of
the mouse in the stereotactic frame. Slight variation in the depth and angle of the needle can
lead to injection of cells in the ventricular system and tracking of cells along the needle
track. Transplantation of MFP tumor fragments was technically easy to accomplish, each
procedure requiring approximately 30 min and resulting in a high yield of brain metastasis.
However, MFP xenografts must first be generated, which add approximately two weeks to
the procedure (Fig. 2). Carotid artery model was the most technically challenging, requiring
extensive practice to master the microsurgical dissection and slow injection of a cell
suspension into the CCA (Fig. 3).

Tumor development

Stereotactic model—The pattern of tumor development for 18 mice injected with 2 or 3
x 10° cells is shown over 28-day period. A CT scan with BLI overlay on day 25 illustrates
the intracerebral location of generated metastasis in this model (Fig. 1b). No weight loss,
neurologic, or behavioral changes were noted. Average bioluminescence (flux) of serially
imaged mice exhibited exponential growth on days 4-25 (R? = 0.998) (Fig. 1c). Tumors
developed in 15 (83 %) mice by the end of the first week, with bioluminescent signals
greater than 1 x 10° p/s. Of ten mice imaged on days 4 and 7, three demonstrated up to 49 %
transient decrease in bioluminescence during this time interval. Subsequently, there was
dramatic growth corresponding to more than a 100-fold increase on average in
bioluminescence. In some mice, more than one area of focal BLI was observed, which we
presume resulted from inadvertent injection of tumor cells into the ventricular system of
seeding along the needle track.

Two mice at each timepoint were perfused with EB at post-injection days 7, 10, and 14 (Fig.
4). While for days 15, 28, 35, and 49, one animal at each timepoint was injected. Tumors
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were histologically identified in 9 of 10 animals studied with EB in the stereotactic group.
Microscopic detection of tumor cells correlated well with BLI. Stained tumors were visible
on gross sectioning from mice sacrificed days 14-35 (Fig. 1d). Prior to day 14, EB staining
was not observed, although isolated tumor cells or cell clusters were present on histologic
sections. By day 28, most tumors measured close to 3 mm in the longest diameter. Tumor-
specific EB staining was confirmed by microscopic fluorescence analysis in this model as
shown in Fig. le.

Implantation model—A total of nine mice were implanted with tumor fragments, and
none of these mice experienced weight loss. CT scan imaging with BLI overlay confirms the
superficial location of embedded tumor (Fig. 2b). A lag phase in tumor growth was noted in
57 % of cases, associated with a 95 % decrease in signal on day 7 compared to day 4.
However, average tumor bioluminescence showed exponential increase in tumor signal from
post-implantation day 5 through day 35 (R? = 0.958) as shown in Fig. 2c. Bioluminescent
signals greater than 1 x 10° p/s were evident within 7 days post-injection for 5 of 9 mice
with implanted. By day 21, there was a mean 100-fold increase in bioluminescence, and
exponential growth continued through day 35.

Implanted tumors demonstrated infiltration into the brain parenchyma on gross examination
and were adherent to the dura and skull. EB experiments were performed on a total of 4
animals at days 7, 35 (2), and 56 post-implantation. Tumor-specific EB staining was
consistently identified at all timepoints. Histological confirmation of tumor formation also
coincided with high bioluminescence (Figs. 2d, 4).

Carotid artery injections—A total of 29 mice were subjected to carotid injections with
5-7.5 x 10* cells. Mice (n = 4) injected with a lower concentration of cells, 2.5 x 104,
revealed no bioluminescence after a 42-day period. Ligation of the ECA in ten mice did not
improve the rate of tumor formation with 5 x 104 cells. Carotid injection with 5 x 104 cells
showed comparable tumor development to 7.5 x 104 cells (n = 4). There were three
intraoperative deaths due to hemorrhage and three additional deaths within 7 days of the
procedure. Dramatic weight loss of up to 21.7 % body weight was observed in these mice
over the first week, in spite of undergoing daily subcutaneous saline injections to ensure
hydration.

Tumors developed in 19 of 23 (83 %) over 42 days post-injection as detected by BLI,
exhibiting exponential growth (R% = 0.979) between post-injection days 14 and 31 (Fig. 3c).
Only 4 of 23 (17 %) mice had significant bioluminescence signals of 1 x 10° p/s or more at
14 days post-injection. By day 20, the mean bioluminescence for the group increased tenfold
to 1 x 10° p/s and 100-fold in 32 % of mice followed over 28 days. CT with BLI overlay
was not informative in most carotid injection cases with the exception of a unique case
exhibiting a well-localized macrometastasis as shown in Fig. 3b.

Nine mice were sacrificed 14, 17, 22, 27, 28, 41, 42, and 59 days post-injection. EB staining
of brain tissue was faint and diffuse in specimens examined through day 27 (Fig. 3d). Gross
examination of excised brains revealed visible tumors in only two instances. Histologically,

tiny clusters of single, compressed-appearing tumor cells were identified from post-injection
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day 14-27. BLI increased to 107 p/s range or more than 200 times background signal after
day 28. Localized punctate areas of blue staining were more apparent, correlating with
microscopic identifiable tumor cells (Figs. 3d, 4). The anatomic distribution of blue staining
was quite variable involving forebrain, midbrain, occipital lobes, and cerebellum.

Fluorescent microscopy

BBB permeability was further characterized by fluorescence microscopy in the stereotactic
model. Correlation among tumor histology, blue staining of gross tumors and microscopic
fluorescence were demonstrated. Figure 1e depicts an H&E section of a 28-day brain
metastasis. A parallel section and dark-field photography demonstrate tumor cell specific
fluorescence.

Discussion

The brain is a unique sanctuary, characterized by the presence of the BBB [1]. In this study,
disruption of the BBB was demonstrated in all three MDA-231-Br BCBM models studied.
BLI proved to be a reliable indicator of developing tumors while EB revealed the anatomic
location of metastases when the integrity of the BBB was compromised. At early
experimental timepoints in stereotactic and carotid injected models, low bioluminescence
without EB staining was observed, suggesting that the BBB remains intact, when metastases
are microscopic [25]. Specifically, 1 week after inoculation in the stereotactic model, tumor
cell clusters measured less than 0.5 mm, and no EB staining was detected. Similarly, after
carotid artery injection, EB staining was absent during the first 4 weeks. This is consistent
with histologic findings of isolated cells or cell clusters localized along microvessels, as
described by Lorger and Felding-Habermann [18]. The decrease in BLI observed after
stereotactic cell injection or tumor fragment implantation also suggests that many cells do
not survive the initial steps of tumor development in the brain microenvironment [18]. It
follows from these results that if anticancer drugs were administered during this early phase
of BCBM development, cells would be readily shielded from the toxic effects of circulating
agents by an intact BBB [5]. Indeed, this may be the scenario for patients with early-stage
breast cancer, who harbor occult, subclinical brain metastases and whose systemic therapies
fail to penetrate the BBB and CNS.

Luciferin easily crosses the BBB and is readily metabolized by tumor cells providing a
suitable non-invasive measure for tumor cell proliferation [26]. As tumors grow, BLI
correspondingly increases, and EB staining appears more distinct and intense, indicating loss
of integrity in the BBB at the site of tumor formation. The pattern of EB staining in the
carotid injection model, however, was diffuse corresponding to high BLI from multiple tiny
tumor clusters through the brain parenchyma. Our studies using tumor fragments derived
from MFP xenografts, showed intense EB staining even within the first week, suggesting
that early contact with the subarachnoid vascular network facilitates the establishment of
perfusion [27]. Intracranial implantation differs from the other brain metastases models,
because it is partially, if not completely, supplied by branches of the ECA or systemic
vasculature. This model may approximate leptomeningeal involvement in the clinical setting
with the caveat that MFP-derived implants contain an admixture of epithelial and stromal
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cells [13]. Contrastingly, the carotid and stereotactic models develop exclusively from
epithelial tumor cell inoculations. Surprisingly, in some instances, inoculated cells by
stereotactic injection gave rise to tumors away from the injection sites, including the
development of spinal metastasis viewed by BLI (not presented here). One plausible
explanation is the inadvertent injection of cells into the lateral ventricle or tracking of cells
along the trajectory of the needle. The limited entry of anticancer drugs into the CNS
represents a special therapeutic challenge for patients with brain metastases [5].
Experimental BCBM models are technically challenging, but such models are important for
preclinical drug testing [28]. Therefore, therapeutic efficacy should be linked to the
assessment of the BBB. Each model attempts to mimic clinical scenarios occurring in
patients with predominant parenchymal BCBM, while the fragment implantation method
may more closely recapitulate leptomeningeal involvement [13, 27, 29]. Typically brain
metastases appear with disease progression and are discovered, once BBB permeability has
been altered [2]. The demand for adjuvant treatments that cross the CNS will certainly
increase in the future. Influx and efflux transporters, together with the BBB, are important
determinants of effective drug delivery [30]. The evaluation of any agent for the treatment of
BCBM in experimental murine models should be judged in the context of the BBB. In turn,
this may provide useful information for patients with brain metastases.

Based on our findings, EB dye is as a simple and practical method to evaluate the status of
the BBB which may be crucial to the timing of experimental studies involving drug delivery
to brain metastasis. While magnetic resonance imaging (MRI) is also capable of evaluating
BBB integrity [25, 31, 32], EB represents a straightforward and inexpensive method. In
summary, the utility of EB perfusion prior to animal sacrifice in experimental brain
metastasis models serves to determine the status of the BBB and can aid the ex vivo
localization of tumors within mouse brain parenchyma.
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Fig. 1.

Brain metastases by stereotactic injection of MDA-231-Br cells. a Using a stereotactic
frame, 2 x 10° cells are injected via a burr hole placed within 2 mm of the bregma (right). b
CT scan with BLI overlay shows deep intracerebral signal on coronal and sagittal views. ¢
In vivo average flux of 18 mice shows exponential (R? = 0.998) increase in bioluminescence
over background (dashed line) days 4 through 25. d Whole brain coronal sections of mice
PID 7, 14, 28 corresponding to color box datapoints in c. Evans blue staining of tumors is
evident PID 14 and 28, indicating disruption of BBB; respective H&E sections (scale bars
100 pm) and in vivo mouse bioluminescent images. e Micrograph of PID 28 tumor shown in
d with inset dark-field microscopy demonstrating fluorescence of cells stained by Evans

blue
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Fig. 2.
Brain metastases generated by implantation of MDA-231-Br tumor fragments. a Depiction

of orthotopic MFP tumor (left), the selection of bioluminescent extracted fragment (middle),
and implantation of 1 mm3 fragments via burr hole into mouse brain (right). b CT scan
imaging with BLI overlay shows intracerebral bioluminescent signal on coronal and sagittal
views. ¢ In vivo average flux of six mice BLI over a 35-day period shows (R = 0.998)
exponential increase in bioluminescence over background (dashed line) days 5-35. d Whole
brain coronal sections of mice PID 7 and 35, corresponding to color box datapoints in c.
Evans blue staining of tumors indicates disruption of the BBB. Parallel frames showing
respective H&E sections (scale bars 100 um) and in vivo mouse bioluminescent images. e
Microphotograph of tumor invading brain parenchyma at PID 35 shown in d
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Fig. 3.
Brain metastases generated by CCA of MDA-231-Br cells. a Depiction of direct injection 5

x 104 cells into the CCA below the bifurcation into external and internal carotid branches
(right). b CT scan with BLI overlay shows deep intracerebral bioluminescent signal on
coronal and sagittal views. c In vivo average flux of 21 mice over first 42 days, showing
exponential (R? = 0.979) increase in bioluminescence over background (dashed line) days
14 and 31. d Whole brain coronal sections of mice PID 17, 28, and 42, corresponding to
color box datapoints in c. Evans blue staining was undetectable at 2 weeks but detectable by
4 weeks, indicating disruption of the BBB. Parallel frames show tumor cell reactivity to
anti-HLA antibody (scale bars 100 um) used to identify isolated cell clusters and
corresponding mouse in vivo bioluminescence for specified time points. e Microscopic
section of brain tumor-interface at PID 42 shown ind
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Evans blue, bioluminescence, and histology findings in three BCBM models. Flow chart of
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stereotactic (green), implant (red), and carotid (orange) models showing the proportion of
mice with visible Evans blue staining at various time points and their corresponding

bioluminescence (defined as greater than 1 x 10° p/s). Tumors were identified histologically

with H&E (implant and stereotactic injection models) and anti-HLA staining (carotid

injection model). *Mouse lost BLI signaling
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