
Reduced glioma infiltration in Src-deficient mice

Caren V. Lund1,2, Mai T.N. Nguyen1,2, Geoffrey C. Owens1,2, Andrew J. Pakchoian1,2,
Ashkaun Shaterian1,2, Carol A. Kruse1,2, and Brian P. Eliceiri1

1Division of Cancer Biology La Jolla Institute for Molecular Medicine, San Diego, CA, 92121, USA

2The Neurosciences Institute, 92121, San Diego, CA, USA

Summary

Malignant brain tumors, such as glioblastoma, are characterized by extensive angiogenesis and

permeability of the blood-brain barrier (BBB). The infiltration of glioma cells away from the

primary tumor mass is a pathological characteristic of glial tumors. The infiltrating tumor cells

represent a significant factor in tumor recurrence following surgical debulking, radiation, and

chemotherapy treatments. Vascular endothelial growth factor (VEGF)-mediated vascular

permeability (VP) has been associated with the progression of glioma tumor growth and

infiltration into surrounding normal brain parenchyma. While VEGF induces a robust VP response

in control mice (src+/+ or src+/−), the VP response is blocked in src−/− mice that demonstrate a

‘leakage-resistant phenotype’ in the brain. We used the Src-deficient mouse model to determine

the role of Src in the maintenance of the BBB following orthotopic implantation and growth of

glioma cells in the brain. Although solid tumor growth was the same in control and src−/− mice,

the infiltrating component of glioma growth was reduced in src−/− mice. Characterization of the

expression and localization of the extracellular matrix (ECM) protein fibrinogen was evaluated to

determine the effect of a Src-mediated VP defect in the host compartment. These studies indicate

that the reduced VP of host brain blood vessels of src−/− mice mediates a reduction in glioma cell

invasion in a mouse brain tumor xenograft model.
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Introduction

The blood brain barrier (BBB) is characterized by specialized endothelial cells that form a

continuous barrier with low paracellular permeability, ultimately controlling the

accessibility of molecules to the brain [1–3]. Tight junctions are a hallmark of the BBB and

are formed between endothelial cells in association with other cell types including

astrocytes, perivascular macrophages, pericytes, and with the basement membrane [4,5].

Growth of World Health Organization (WHO) grade IV malignant gliomas is associated
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with changes in the expression and remodeling of perivascular extracellular matrix (ECM)

proteins, leading to disruption of the BBB [6–8]. In glioblastoma the compromise of the

BBB is associated with increased tumor growth and infiltration [9–12]. Glioma cells are

distinct from other tumor cell types in that they rarely metastasize outside of the brain,

however, they aggressively invade the surrounding normal brain parenchyma [13–16]. The

migration of glioma cells away from the primary tumor mass prevents the complete surgical

removal of tumor cells and represents a significant challenge in the treatment of brain

tumors [17–22]. For experimental in vivo models of brain tumor growth, a significant

challenge has been the ability to detect glioma cells infiltrating away from the primary solid

tumor [23,24]. Previous studies have demonstrated the applicability of cell-labeling

techniques to detect and measure the infiltratation of glioma cells in vivo [23,25–28]. A

direct comparison between fluorescent microscopy and immunohistochemistry or

hematoxylin/eosin staining, has shown that fluorescence or β-galactosidase detection of

glioma cells is essential for the detection and characterization of the pathophysiological

hallmark of glioma tumor growth, as individual infiltrating glioma cells present in the

parenchyma and/or perivascular spaces.

While previous studies have characterized glioma tumor growth, host-mediated mechanisms

by which glioma cells migrate and invade the brain is still unclear [29–31]. Like most solid

tumors, gliomas express and secrete vascular endothelial growth factor/vascular

permeability factor (VEGF/VPF) that induces proliferation and migration of neighboring

endothelial cells [32–36]. Remodeling of the BBB vasculature by VEGF disrupts the

formation of tight junctions, increases vascular permeability (VP), and results in a

disordered vasculature characteristic of tumor-induced angiogenesis [34,37–39]. Our

previous studies have demonstrated that the non-receptor tyrosine kinase, Src, is essential

for the maintenance of the BBB [40]. VEGF-induced VP of blood vessels of the brain and

other organs is reduced in Src-deficient mice. We have shown that Src-deficient mice

undergo reduced hematogenous metastasis from the skin to the lung, which is associated

with reduced VP and downstream signaling in the blood vessels of the murine host [41]. In

this study we examine the consequence of a Src-mediated reduction of tumor-induced

permeability of the BBB, an endothelial barrier that is more restrictive than the vascular

beds of other organs. While the breakdown of the BBB is associated with the progression of

glioma tumors, the capacity for changes in VP to mediate ECM remodeling through

hematogenous mechanisms (i.e. perivascular fibrin accumulation) or glioma infiltration

through non-hematogenous mechanisms is unknown. Therefore, in this study we have

characterized several glioma cell explants at low passage and subsequently implanted them

into the brains of Src-deficient (src−/−) and control mice (src+/+ or src+/−) to determine the

role of Src in the host compartment during tumor-induced VP, neovascularization, tumor

growth, and tumor infiltration in an orthotopic model.

Materials and methods

Src knockout mice

The generation of Src-deficient mice has been previously described [41] and are

commercially available back-crossed into the C57BL/6 genetic background (Jackson Labs,
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Bar Harbor, ME). For these xenograft studies, the Src-deficient mice have been backcrossed

into a Rag2 immunodeficient background [42–44]. Mice were genotyped by PCR analysis

for Src and Rag2. All mice were verified to be free of the enteric pathogen Helicobacter

pylori. All animal studies including surgeries and anesthesia were performed in accordance

with institutional animal care and use committee regulations.

Glioma tumor cells

The 02-11-MG (DBTRG) and 13-06-MG glioma cell explants [45] at low passage were used

for implantation into src−/− or src+/− mice. Each of these cell explants were derived from

patients with grade IV glioblastoma. Their αv integrin expression and ECM interactions

have also been assayed ([45] and unpublished observations). Tumor cells were maintained in

Dulbecco minimal essential media (Invitrogen, Carlsbad, CA) supplemented with 10% fetal

calf serum. Cells were labeled with yellow fluorescent protein (YFP) by transducing them

with a lentivirus encoding the YFP gene (LIONII-YFP; kindly provided by Dr. Gary Nolan,

Stanford University). Lentiviral particles were generated by transiently transfecting 293T

cells with the transfer vector along with plasmids encoding gag/pol and VSV-G envelope

genes [46]. Tumor cells were infected in vitro, and cells expressing high levels of YFP were

isolated by one round of fluorescence-activated cell sorting. Multiple vials of low passage

YFP-positive glioma cells (<6 passages) were stored and used for stereotactic brain

injection.

Intracranial stereotactic injections

Low passage YFP-labeled 02–11-MG glioma cells were prepared from cell culture at 2×108

cells/mL in Hepes-buffered saline. Mice were anesthetized with isoflurane, and after

verifying adequate anesthesia, skulls were exposed by a 1 cm longitudinal incision. A burr

hole was created 1 mm anterior and 1 mm lateral to the bregma using a hand held drill

equipped with a 1/32-inch high-speed cutting bit (Dremel, Racine, WI). Glioma cells,

(1×106 in 5 μl) were injected into the frontal lobe over 5 min using a microsyringe

(Hamilton, Reno, NV) mounted on a stereotactic frame (Kopf Instruments, Tujunga, CA).

The incision was closed with veterinary adhesive and topical lidocaine administered. After

21 days, mice were subjected to systemic intracardiac perfusion with heparin-saline, and

serial sectioned to yield 1 mm brain slices suitable for en face imaging on a glass slide using

an Olympus Fluoview 1000 laser scanning confocal microscope (Olympus, Melville, NY).

Confocal micrographs in these studies were acquired with 2×/0.08 N.A., 10×/0.4 N.A. or

20×/0.7 N.A. dry objective lenses on a BX61 microscope (Olympus). Quantitation of tumor

area in serial brain tumor sections was determined with the image analysis software Volocity

(Improvision, Lexington, MA) to measure the sum of pixel values coincident with the YFP-

positive tumor area from each of 4–6 brain slices from each of the mice (n=8). A Student t-

test was performed to determine the statistical significance of each data set. The legends

provide details on the sample size for each analysis.

Immunohistochemistry and VP assay

Indirect immunofluorescence was performed on cryosections (10 μm) of tumor samples

using anti-fibrinogen (DAKO, Carpinteria, CA) and anti-CD31 (Becton Dickinson, Franklin
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Lakes, NJ) antibodies. The anti-YFP/GFP antibody (A.v., Becton-Dickinson) used detects

both GFP and YFP and was used as a complement to the direct imaging of YFP in fresh

tissue sections. Alexa fluor-conjugated secondary antibodies were from Molecular Probes

(Eugene, OR). The detection of YFP by indirect immunofluorescence in Figures 1b and of

YFP and von Willebrand factor (vWF) in the Supplementary data was performed in paraffin

sections following antigen retrieval with citrate (pH 6.0, 10 mM) in a pressure cooker. The

detection of CD31 and fibrinogen in Figures 3 and 4, respectively were performed in tissue

cryosections. Micrographs from random fields within the tumor of control (src+/− or src+/+)

and src−/− mice from at least 6 separate animals were analyzed. Quantification of

fluorescence intensity of CD31 and fibrinogen immunohistochemistry was performed using

Volocity to measure fluorescence intensity in blood vessels. The sum of pixel intensities in

each fluorescent image field was obtained using matched confocal acquisition settings

between Src-knockout and control tissues. The relative image intensity values of CD31 and

fibrinogen were measured with a measuring algorithm in Volocity on sections in which the

identity was blinded during the analysis. Tumor-induced VP was determined by intravenous

injection into the tail vein with 70 kDa rhodamine (TRITC)-dextran (Sigma, St Louis, MO).

Fifteen minutes after injection, animals were systemically perfused by intracardiac injection

with heparin/saline as previously described [41]. Micrographs were captured from fresh 1

mm brain sections using a confocal microscope to directly detect YFP labeled cells as well

as TRITC-dextran, and then subjected to quantitation using the Volocity software as

described above.

Immunoblotting

Cell lysates were collected in RIPA buffer (100 mM Tris pH 7.5, 150 mM NaCl, 1 mM

EDTA, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS with freshly added 1 mM

orthovanadate, 50 mM NaF, and protease inhibitors cocktail (Roche, Indianapolis, IN).

Protein concentration was determined with a BCA Protein Assay (Pierce, Rockford, IL).

Twenty micrograms of cell lysate for each sample was separated on a 10% SDS-

polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with anti-FAK,

anti-Pyk2, or anti-VEGF (Santa Cruz Biotechnologies, Santa Cruz, CA) antibodies.

Secondary antibodies were anti-mouse or anti-rabbit antibodies conjugated to horseradish

peroxidase. Visualization of antibody binding was detected using Supersignal West Pico

Chemiluminescent Substrate (Pierce).

Results

Characterization of chimeric human brain tumor/mouse brain xenograft model

The migratory phenotype of glioma cells into surrounding brain parenchyma is a defining

characteristic for malignant gliomas. While the mechanisms regulating glioma tumor

invasion are poorly understood, a study of the related tyrosine kinases, Pyk2 and focal

adhesion kinase (FAK), in glioma cell migration has shown that elevated Pyk2 expression

correlates with increased glioma cell migration in vitro [47]. We characterized the

expression of FAK, Pyk2, and VEGF (Figure 1a), as well as the expression of various

integrins and other signaling intermediates ([45] and data not shown) of two human glioma

explants obtained from patients diagnosed with grade IV glioblastoma multiforme (GBM)
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[45]. The expression of FAK was similar in both 02-11-MG and 13-06-MG gliomas. In

contrast, the expression of Pyk2 was significantly reduced in 13-06-MG glioma cells

compared to the 02-11-MG glioma cells. Both glioma cells express VEGF (Figure 1a,

bottom row). Based on the correlation of Pyk2 expression and glioma cell migration, and an

infiltrative phenotype that has been shown to be characteristic of advanced stage gliomas,

we selected 02–11-MG cells to provide a physiologically relevant model of glial tumor

growth in a xenograft model of brain tumor growth.

We examined the orthotopic growth of 02-11-MG glioma cells in src−/− vs. control mice

(src+/+ or src+/−). The use of src−/− mice was based on the previously characterized

phenotype of src−/− mice that includes reduced blood vessel VP in response to VEGF or

tumor-induced VP [40]. Although many parameters influencing glioma growth and

infiltration have been previously examined, the role of tumor-induced VP of brain blood

vessels had not been examined in a defined genetic model. Therefore, we examined the

orthotopic growth of 02-11-MG cells in src−/− and src+/− mice. We have previously shown

that src+/+ or src+/− have similar VEGF- and tumor-induced responses [41], therefore we

have primarily used src+/− mice in our subsequent studies. To facilitate the detection and

measurement of glioma tumor growth, 02-11-MG glioma tumor cells were labeled with

yellow-fluorescent protein (YFP) (See Materials and methods). Figure 1b demonstrates the

invasive behavior of the 02-11 glioma cells following stereotactic injection, 21 day

incubation and detection by indirect immunofluorescence with anti-YFP antibody. To

compare the tumor burden of 02-11 through multiple brain sections, src−/− and src+/− mice

were injected with YFP-labeled 02-11 glioma cells, and following a 21 day incubation,

mouse brains were harvested and serial 1 mm sections prepared for image acquisition with a

laser scanning confocal microscope (Figure 1c). A representative set of brain slices from

src−/− and src+/− mice are shown in Figure 1c. The use of YFP-labeled tumor cells enables

the quantitation of tumor burden from the face of each brain slice from each animal.

Variation between slices and between animals were averaged to evaluate the tumor volume

in src−/− and src+/− mice. The data from tumor volume quantitation is shown in Figure 1d.

We determined that there was no significant difference in gross tumor burden between src−/−

and src+/− mice. However, when we examined the tumor margin at higher magnification, a

Src-mediated effect of the host on tumor infiltration was observed.

Reduced GBM tumor invasion in Src-deficient host mouse brains

Although the gross tumor burden of glioma cells implanted in src−/− and control mice was

unchanged (Figure 1d), clinical manifestations of gliomas are associated with the diffuse and

infiltrative growth of secondary tumor foci into ipsilateral and contralateral hemispheres

[13]. Labeling of glioma tumor cells has been shown to be essential for monitoring the

invasion and growth of single glioma cells in vivo [23,25–28,48]. Therefore, we examined

the growth and invasion of YFP-labeled tumor cells 200–1000 μm from the margin of the

primary tumor mass established near the injection site. 02-11-MG glioma tumor cells were

injected into the brains of src−/− and src+/− mice, incubated for 21 days, and imaged using

standard histological techniques as well as confocal microscopy to detect YFP-labeled cells

in fresh brain tissue sections. Hematoxylin/eosin (H/E) staining of sections of tumor-bearing

src+/− and src−/− mice suggested that there were differences in the tumor margins between
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the host mice (Figure 2a). Arrowheads mark infiltrating tumor cells in src+/− brain sections,

whereas, src−/− brain sections had a reduction of infiltrating tumor cells. To more

definitively evaluate the extent of glioma cell infiltration, we analyzed YFP-labeled 02-11-

MG glioma cells using confocal microscopy. In src+/− mice, 02-11-MG tumor cells

exhibited characteristics of grade IV glioma cells with extensive infiltration of the brain

parencyhma (arrowheads). However, an examination of the parenchyma of tumor-bearing

src−/− mice revealed a decrease in YFP-labeled glioma cell infiltration and formation of

infiltrating tumor foci (Figure 2b). We examined the tumor burden from three matched sets

of src−/− and src+/− mice and quantitated the number of YFP-positive cells distinct from the

primary glioma tumor. Quantitation of these data is presented in Figure 2c, and demonstrates

a significant reduction in glioma tumor cell infiltration in src−/− mice (n=8, P<0.05).

Therefore, although the gross tumor volume was not reduced in src−/− vs. src+/− mice

(Figure 1c), a Src-defect in the host led to a significant reduction in glioma cell infiltration

through the brain parenchyma.

Src−/− mice have reduced glioma-induced VP, but normal neovascularization

While glioma growth is associated with increased VP, the mechanism(s) regulating glioma-

induced VP remain poorly understood. We have previously shown that VEGF-induced VP is

reduced in the brains of Src-deficient mice [40]. Therefore, we examined whether VP

induced by a VEGF-expressing glioma tumor would be reduced in the brains of Src-

deficient mice. Following the implantation and incubation of 02-11-MG glioma cell in src−/−

and src+/− mice, as described above, we injected 70 kDa TRITC-dextran intravenously 15

min before harvest. After systemic intracardiac perfusion to remove intravascular FITC-

dextran, we detected FITC-dextran in the perivascular tissue and the YFP-fluorescence in 1

mm brain sections by confocal microscopy immediately upon harvest. Representative

micrographs of sibling-matched mice revealed a decrease in 02-11-MG glioma-induced VP

in src−/− vs. src+/− mice (Figure 3a). Differences in VP were quantitated and are shown in

Figure 3b. Despite the Src-mediated decrease in glioma-induced VP observed in the src−/−

brain, neovascularization in response to the brain tumors grown in src−/− and src+/− mice, as

monitored by blood vessel staining using anti-CD31 immunofluorescence, was unchanged

(Figure 3c). Quantitation of CD31 staining is shown in Figure 3d. These data demonstrate

the distinction between tumor-induced VP of the host that is mediated by Src vs. tumor-

induced angiogenesis that is independent of a Src defect in the host.

Reduction in tumor-induced fibrinogen accumulation in Src-deficient mice

Endothelial cell migration and increased VP have been associated with remodeling of the

ECM and are processes required for tumor progression. The extravasation of plasma

fibrinogen, and subsequent cleavage and formation of perivascular fibrin and cross-linked

fibrin [collectively referred to as fibrin(-ogen)], are hallmarks of tumor growth [49–51], as

well as a pathologically relevant endogenous indicator of VP [41]. Therefore, we examined

src−/− and src+/− mice for changes in the distribution of tumor-associated fibrin(-ogen)

during glioma growth (Figure 4a). Following implantation and incubation of gliomas in

src−/− and src+/− mice, tumor-bearing brains were harvested, cryosectioned, and subjected to

immunohistochemical analysis. Src−/− mice showed reduced fibrin(-ogen) staining

compared with src+/− mice. The Src-mediated reduction in tumor-associated fibrin was
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quantitated from micrographs of fibrin-stained tumor bearing src−/− and src+/− brain sections

(Figure 4b). Fibrin(-ogen) associated with CD31-positive blood vessels was also decreased

in src−/− mice. These results suggest that reduced accumulation of perivascular fibrin(-ogen)

is associated with reduced tumor VP in the brain, and may be an important marker of VP-

mediated remodeling of the ECM microenvironment in response to tumor growth.

Discussion

Brain tumors are characterized by an invasive phenotype that prevents complete surgical

removal of the tumor mass. Infiltration of glioma cells into normal brain tissue, combined

with subsequent tumor growth and increased intracranial pressure, results in a mean survival

time of 12–14 months for patients diagnosed with grade IV glioblastoma, the most

malignant form of brain tumor [26,52,53]. Recent studies of a cranial tumor model show that

increased VP is one of the first events following tumor implantation [54]. Increased VP has

been associated with the progression of malignant tumor growth and invasion in the BBB as

well as in other tissues, however the molecular basis is unclear. Gliomas express a range of

growth factors and cytokines, however VEGF is unique among these growth factors in that it

induces VP as well as neovascularization [55–58]. Intra-cranial administration of

recombinant VEGF to mice has been shown to increase VP and result in breakdown of the

BBB, however the mechanisms regulating this process remain poorly understood [59–61].

Therefore, in this study we have examined Src-deficient mice, which we have previously

shown to have a ‘leakage-resistant’ phenotype in response to VEGF. We have used src−/−

and src+/− mice to examine the effect of reduced VP of the host vasculature, as well as

decreased Src expression in all non-tumor cells, during the growth and infiltration of glioma

cells implanted intracranially.

Preventing the infiltration of glioma cells away from the primary tumor is important in any

metastasis model. However, the unique environment of the BBB distinguishes glioma

growth and infiltration from other models of metastasis in that glioma cells rarely

metastasize out of the brain [62], yet are extensively infiltrative within the brain [15]. Our

analysis of the growth and infiltration of low passage glioma cells in src−/− mouse brains

reveals that the Src-defect of the host can mediate a decrease in glioma cell infiltration of the

brain parenchyma, while the overall gross tumor burden and angiogenesis of the primary

tumor is unchanged. We have based our studies on the use of low passage glioma cells that

exhibit tumor growth and invasion phenotypes similar to infiltrative human gliomas. To

evaluate the extent of migration of single or multiple glioma cells away from the primary

tumor in vivo, glioma cells expressing fluorescent proteins have been shown to provide

imaging of glioma cell infiltration [27,28,48]. We show in this work that tumor growth and

infiltration can be monitored in serial sections and tumor burden inclusive of solid growth

and infiltrative cells can be quantitated to determine gross tumor burden. Furthermore, since

we are focused on the role of the host compartment in mediating specific tumor-induced

vascular responses (i.e. Src-mediated breakdown of the BBB), the implantation of YFP-

labeled tumor cells provides a defined demarcation of tumor cells versus host cells in the

xenograft tumor model.
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Previous studies have shown that a systemic reduction in VEGF reduces brain tumor growth

and infiltration in an orthotopic intracerebral mouse model [63]. However, in contrast to the

role of VEGF in both angiogenesis and VP, we have focused on the role of VP, specifically

using a Src-knockout model to characterize mechanisms of tumor-induced VP in tumor

growth and invasion. While we cannot exclude the possibility that other tumor-expressed

factors may induce VP, we have shown that although VEGF-induced VP is blocked in Src-

deficient mice, VEGF expression in the brain or fibrinogen expression in the plasma is

unchanged in src+/− vs. src−/− mice ([40,60] and data not shown). We propose that the

reduction of tumor-induced VP in the brain vascular bed of src−/− mice mediates a reduction

in brain tumor infiltration indirectly by regulating the remodeling of the perivascular ECM.

For example, fibrin(-ogen) is part of the haemostatic system mediating vascular damage,

angiogenesis, and wound repair. In response to VP, plasma fibrinogen undergoes

extravasation and cleavage to form perivascular fibrin(-ogen) [50]. Accumulated

perivascular fibrin(-ogen) serves as a substrate for endothelial and tumor cell migration and

has been associated with tumor extension into normal brain tissue [64–66]. In this study we

provide evidence of reduced perivascular fibrin(-ogen) deposition in brain tumor-bearing

src−/− mice, suggesting that fibrin(-ogen) may be an example of Src-regulated ECM

remodeling that can promote intracranial glioma tumor migration through a VP-dependent

mechanism that does not involve the intravasation of tumor cells. Since glioma cells do not

infiltrate the brain parenchyma through a hematogenous mechanism, Src-mediated VP may

influence the extravasation of plasma fibrinogen, and subsequent cleavage of it to

perivascular fibrin(-ogen) to provide a provisional ECM support for glioma cell migration.

The observation of the diffuse infiltration of glioma cells is consistent with a model in which

a VP defect affects tumor cell invasion, though not necessarily affecting angiogenesis of the

primary tumor or satellite tumors.

While in vitro studies have shown that Src can regulate many different molecules including

intracellular signaling intermediates, integrins, matrix metalloproteases, and ECM proteins,

the specific role of Src in vivo is poorly understood [67–76]. Based on knockout studies, it is

known that other Src-related family kinases can compensate for the absence of Src

particularly during development. However, studies have shown that defects in VP cannot be

compensated for by other Src family members, and that defects in VP are a phenotype

specific for Src-deficient mice [40]. The molecular basis for the role of Src in VEGF-

induced VP has been investigated in both brain and lung endothelium and has been shown to

require the association of Src with focal adhesion kinase (FAK) [41,77]. However,

downstream targets of this Src-mediated signaling pathway have not been identified. Further

characterization of the signaling pathway through Src during VEGF-induced VP, or tumor-

induced VP, will identify specific mechanisms involved in the process of glioma infiltration

in relation to VP. While our previous studies showed that hematogenous metastasis to other

organs is reduced in src−/− mice [41], in the brain, the inhibition of tumor-induced VP leads

to a change in the perivascular ECM, which may reveal a role for these molecules in

mediating the infiltration of brain tumor cells.
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Figure 1.
Characterization of Pyk2 and FAK expression by glioma cells in vitro and in vivo. (a) Lysates of cultured low passage glial

cells, 02-11- MG and 13-06-MG, were prepared as described in the Materials and Methods and subjected to immunoblotting

with anti-Pyk2, anti-FAK and anti-VEGF antibodies. Protein-antibody complexes were detected using ECL detection. (b)

Infiltration of yellow fluorescent protein (YFP)- labeled 02-11-MG tumor cells was examined in the fixed brain sections by

indirect immunofluorescence with an anti-YFP/GFP antibody (middle panel). DAPI staining labels nuclei (left panel) and a

merge of the nuclei and tumor cells is also shown (right panel). Bar=200 μm. (c) Fluorescent micrographs embedded in

illustrated serial brain sections from mice bearing YFP-labeled 02-11-MG tumor cells, with src+/− sections in the top row and

src−/− sections in the bottom row. Tumors were stereotactically injected and allowed to grow for 21 days. Upon harvest, brains

were sectioned and images of unfixed serial sections were acquired with a laser scanning confocal microscope. (d) Tumor

volume was calculated for 02- 11-MG tumors in src+/− and src−/− brain sections. Tumor area was quantitated by imaging the

faces of serial 1.0 mm brain slices from sibling-matched mice (n=8).
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Figure 2.
Reduced perivascular extension of 02-11-MG glioma cells into src+/− vs. src−/− mouse brains. (a) Low power photomicrographs

from hematoxylin/eosin stained brain tumor sections at the boundary of 02-11-MG tumor growth in representative brain section

from src+/−(left panel) and src−/−(right panel) mice. Arrows indicate perivascular tumor foci. Bar=200μm. (b) Confocal

micrographs at 20× of src+/− and src−/− mice bearing YFP-labeled 02-11-MG with tumor foci indicated with arrows. The left

two panels are representative images of src+/− brain sections and the right two panels are representative of src−/− brain sections.

Arrows indicate tumor foci. Micrographs were imaged at a distance of 200–1000 μm from the primary solid tumor margin.

Bar=200 μm. (c) Quantitation of tumor foci observed in src+/− and src−/− mice. Asterisks indicate a statistically significant

difference (n=8, P<0.05).
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Figure 3.
Reduction of tumor-induced VP but not angiogenesis in Src-knockout mice. (a) Tumor-induced VP was determined in src+/−(top

left panel) and src−/−(top right panel) mice bearing intracranial 02-11-MG tumor cells using extravasation of TRITC-70 kDa

dextran. YFP-labeled brain tumor burden in src+/−(bottom left panel) and src−/−(bottom right panel) mice was obtained by

imaging with a confocal microscope as described in the Materials and Methods. Mice were subjected to intravenous injection of

TRITC-70 kDa dextran, perfused with heparin/saline to remove intravascular dextran, and the harvested brains subjected to

serial 1 mm sectioning and imaging. Micrographs were imaged at 2× and dextran fluorescence detected. Bar= 1000 μm. (b)

Quantitation of VP as detected by fluorescence of TRITC-70 kDa dextran as described in the Materials and Methods. (n=6;

P<0.05). (c) Indirect immunofluorescence of cryosections from cranial 02-11-MG tumors grown in src+/−(left panel) and
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src−/−(right panel) mice. Immunostaining with an anti-CD31 antibody was used to localize blood vessels in the tumor. Bar=100

μm. (d) Quantitation of CD31 staining as described in the Materials and methods. (n=6).
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Figure 4.
Reduced colocalization of perivascular fibrin and CD31 staining in tumor-bearing src−/− mouse brains. (a) Indirect

immunofluorescence of cryosections of 02-11-MG tumor-bearing src+/−(left) and src−/− brains (right) immunostained with an

anti-fibrin(- ogen) antibody. Bar = 100 μm. (b) Quantitation of fibrinogen immunostaining in 02-11-MG tumor-bearing src+/−

and src−/− brains, as described in the Materials and methods. (n=6, P<0.05). (c) Localization of CD31-positive blood vessels and

fibrin(-ogen) in 02-11-MG tumor-bearing src+/−(left) and src−/− brains (right). Bar = 100 μm.
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