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Abstract

Objective—The normal blood-brain barrier (BBB) is composed of tight junctions between
endothelial cells and surrounding astrocyte foot processes. Breakdown of the physiological
astrocyte-endothelial cell relationship occurs in adult metastatic and primary brain tumors.
However, the astrocyte-endothelial cell relationship has not been studied in pediatric tumors.

Materials and Methods—Ultilizing specimens from cases of pilocytic astrocytoma (n = 5),
medulloblastoma (n = 5), and low-grade diffuse astrocytoma (n = 1), immunofluorescence were
performed using primary antibodies against CD31, glial fibrillary acidic protein (GFAP), and
aquaporin 4 (AQ4). Clinical, magnetic resonance imaging, operative, and histopathological
findings were analyzed.

Results—Strongly-enhancing areas of medulloblastoma exhibited complete BBB breakdown
with sparse GFAP and AQ4 staining around CD31-positive vessels. Moderately enhancing regions
of pilocytic astrocytomas exhibited regions of intact BBB and vasculature surrounded by dense
GFAP staining but reduced and disorganized AQ4 staining, suggesting tumor cells could not fulfill
physiological BBB support. Non-enhancing low-grade diffuse astrocytoma demonstrated intact
BBB with intense peri-microvasculature GFAP and AQ4 staining. AQ4 stained so strongly that
AQ4 visualization alone delineated CD31-positive vessels.

Conclusion—Taken together, BBB breakdown in pediatric tumors corresponds to a loss of
normal endothelial cell-astrocyte foot process relationships. Further development of
pharmaceutical agents capitalizing on this disrupted BBB is warranted in medulloblastoma and
pilocytic astrocytoma. However, BBB integrity remains a challenge in treating low-grade diffuse
astrocytoma before progression toward secondary glioblastoma.
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INTRODUCTION

Primary neoplasms of the central nervous system (CNS) are the most common solid tumors
in the pediatric population [1]. While aggressive surgical resection and adjuvant
radiotherapy have proven to be efficacious for long-term disease control, this approach is
often contraindicated due to tumor location and risk of neurocognitive toxicity. As such,
there is intense ongoing research to develop medical therapies that may act in concert with
maximally tolerable surgery and radiation to accomplish complete tumor eradication.

It is well-known that the blood-brain barrier (BBB) presents a significant challenge to
successful delivery of therapeutic drugs to the CNS. The normal BBB is comprised tight
junctions between capillary endothelial cells, which form a cohesive basement membrane
that is further reinforced by an organized sheath of perivascular astrocyte foot processes [2].
It is well recognized that certain pediatric CNS neoplasms exhibit characteristic BBB
breakdown, evidenced by contrast enhancement on magnetic resonance imaging (MRI).
Among this group of tumors are medulloblastoma and pilocytic astrocytoma, two primary
brain tumors found predominantly in the pediatric population and at opposite ends of the
World Health Organization grading spectrum. While complete surgical resection confers a
positive prognosis in both cases, a gross total resection is often not accomplished due to the
propensity for these tumors to develop in and around the brainstem near eloquent structures
[3,4]. As such, further characterization of the BBB in these tumors is warranted to better
design the delivery of novel therapeutic agents that can infiltrate the tumor parenchyma,
eradicate residual tumor, and obviate excessively aggressive surgical and radiation
management.

Previously, our group reported a correlation between MRI enhancement in adult metastatic
and primary CNS tumors and breakdown of the normal astrocyte-endothelial cell
relationship of the BBB on immunofluorescence [5]. Using tumor samples from pediatric
patients with MRI-enhancing medulloblastoma and pilocytic astrocytoma as well as non-
enhancing low-grade diffuse astrocytoma, we explored whether similar disruptions in the
physiological astrocyte-endothelial cell relationship explained the radiographic evidence of
BBB breakdown in these pediatric CNS tumors.

MATERIALS AND METHODS

Patients and Tumors

Tumors were collected and analyzed under an institutional review board-approved protocol
(NIH 03-N-0164). All patients provided informed consent for study participation. Additional
formalin-fixed paraffin-embedded tissues of medulloblastoma and pilocytic astrocytoma
samples were obtained, anonymously, under a materials transfer agreement from an outside
institution.
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Imaging Evaluation

The patients underwent pre-operative T1-weighted MRI before and after administration of
gadolinium contrast agent. Lesions were deemed to be contrast enhancing or non-enhancing
based on hyperintensity on post-contrast T1-weighted MRI. T2-weighted images were used
for determining tumor distribution of non-enhancing lesions.

Histological Analysis

Hemotoxylin and eosin (H and E) staining was performed on all tissue specimens to confirm
pathological diagnosis as well as distinguish morphological features of tumor vasculature
and surrounding perivascular cellular architecture.

Immunofluorescence Analysis

Immunofluorescence staining was performed for each tumor specimen using antibodies
against CD31 (anti-mouse, 1:200) (Millipore, Billerica, MA), glial fibrillary acidic protein
(GFAP) (anti-rabbit, 1:1000) (Abcam, Cambridge, UK), and aquaporin 4 (AQ4) (anti-rabbit,
1:200) (Millipore). AQ4 is a marker of astrocytic foot processes and has been previously
used as a reliable measure of astrocyte-endothelial cell relationship integrity [6,7]. Double
immunofluorescence staining was performed for CD31 and GFAP; and CD31 and AQ4,
using a protocol described previously [5]. The following secondary antibodies were used at
1:1000 dilution:donkey serum anti-mouse 1gG absorbing at a wavelength of 568 nm (Life
Technologies, Carlsbad, CA) and donkey serum anti-rabbit 1gG absorbing at a wavelength of
488 nm (Life Technologies). Immunofluorescent images were captured at x40 magnification
using a Leica (Wetzlar, Germany) LSM 510 confocal microscope, while H and E images
were obtained at x40 magnification using a Nikon (Tokyo, Japan) Eclipse Ci microscope
with a Nikon DS-Fi2 camera.

RESULTS

Medulloblastoma

A representative T1-weighted MRI of a medulloblastoma is shown [Figure 1],

demonstrating a heterogeneously enhancing large posterior fossa mass of the fourth
ventricle, measuring 3.8 cm x 4.8 cm x 5.2 cm, causing mild tonsillar herniation and
significant obstructive hydrocephalus. Microscopic review of the surgical specimen showed
sheets of round, hyperchromatic neoplastic cells amid calcification, apoptosis, and
micronecroses, consistent with medulloblastoma [Figure 2a]. In addition, there were areas of
focal positivity for synaptophysin and GFAP. On immunofluorescence, there was virtually
absent staining of GFAP [Figure 2b] and AQ4 [Figure 2c] staining around CD31 positive
vessels. Similar findings were present for the other cases of medulloblastoma.

Pilocytic Astrocytoma
A representative T1-weighted MRI of a pilocytic astrocytoma is shown in Figure 3,
exhibiting a heterogeneously enhancing mass with mixed solid and cystic components in the
posterior fossa. The enhancing portion measured 5.3 cm x 3.8 cm x 4.4 cm. The
histopathological review revealed a highly cellular tumor against a background of mucinous
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material, abundant Rosenthal fibers, occasional eosinophilic granular bodies, and hyalinized
blood vessels, characteristic of pilocytic astrocytoma [Figure 4a]. Immunostaining
demonstrated diffuse positivity for GFAP and negativity for mutated p53. On
immunofluorescent analysis, abundant GFAP signal was evident, consistent with an
astrocyte tumor cell lineage [Figure 4b]. However, staining of AQ4 was reduced and
disorganized [Figure 4c], suggesting tumor cells could not fulfill their physiological role of
supporting the BBB. Histology and immunofluorescence of the other specimens of pilocytic
astrocytoma demonstrated similar findings.

Low Grade Diffuse Astrocytoma

A brain MRI demonstrates a representative case of low-grade diffuse astrocytoma [Figure 5],
evidenced by a 3.9 cm x 1.9 cm % 4.0 cm non-enhancing infiltrative lesion within the medial
right frontal lobe with significant fluid-attenuated inversion recovery edema.
Histopathological review of the surgical specimen exhibited mild hypercellularity with
atypical cells, a low proliferation index, and absence of vascular proliferation or necrosis,
consistent with low-grade diffuse astrocytoma [Figure 6a]. Immunohistochemical staining
was positive for IDH1 and p53 mutations. Additional molecular studies were negative for
1p/19q co-deletion or BRAF mutations. Immunofluorescent staining demonstrated an intact
BBB with intense GFAP [Figure 6b] and AQ4 [Figure 6c] signal around the
microvasculature. Notably, AQ4 stained so strongly that visualization of AQ4 alone
accurately delineated the outline of CD31 positive vessels.

DISCUSSION

In this study, we found that the enhancement seen on MRI of pilocytic astrocytomas and
medulloblastomas correlates with loss of the normal astrocyte-endothelial cell relationship
of intratumoral vasculature. We have previously reported these findings in adult primary and
metastatic cerebral neoplasms [5] and have re-iterated our methods and results in a pediatric
population.

Pilocytic astrocytomas exhibit a characteristic radiologic appearance of a well-circumscribed
round or oval mass, hypo- to isointense on T1-weighted images and markedly enhancing
after contrast administration [8-10]. On a histological level, BBB breakdown has been
attributed to chronic glomeruloid degenerative hyalinization as well as presumably tumor
cell-induced microvascular proliferation. Our data demonstrated a stark contrast between
GFAP abundance and AQ4 scarcity, suggesting disruption of the normal endothelial cell-
astrocyte relationship.

Similar to pilocytic astrocytomas, medulloblastomas demonstrate heterogeneous
enhancement on MRI, presumably due to leaky glomeruloid vessels characteristically seen
on histopathology [11,12]. Numerous studies have shown that these tumors exhibit potent
angiogenesis and that the density of blood vessels inversely correlates with patient survival
[13,14]. In each of our five samples, there was scarce GFAP staining, indicative of a virtual
absence of astrocytes in the tumor parenchyma. Medulloblastomas are thought to originate
from a primitive neuroectodermal cell with partial neuronal differentiation, as evidenced by
frequent positive staining for synaptophysin and NeuN [13,14]. Some tumors exhibit focal
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areas of glial differentiation, but our results showed that GFAP-positive staining cells did not
fulfill the normal endothelial cell support role. Unlike astrocytomas, the inability of normal
astrocytes to populate the densely cellular tumor parenchyma of medulloblastomas causes
BBB breakdown.

Consistent with previous findings [5], the low-grade diffuse astrocytoma in our study
exhibited organized and tight perivascular associations between GFAP and AQ4 staining of
astrocytic foot processes and CD31-positive endothelial cells. On the H and E stain, there
was little evidence of microvascular proliferation, suggesting the absence of significant
angiogenesis in these tumors. It has been previously suggested that infiltrating tumor cells of
low-grade diffuse astrocytomas feed off of diffusing nutrients from existing, phenotypically
normal vasculature [15]. Our results confirmed that the astrocyte-endothelial cell
relationship in the blood vessels of low-grade diffuse astrocytomas remains intact.

In summary, this study found a loss of the normal tight association between perivascular
astrocyte foot processes and endothelial cells, contributing to BBB breakdown in pilocytic
astrocytomas and medulloblastomas. Despite increased permeability of the BBB, curative
chemotherapeutic treatment of these tumors remains a challenge [16-18]. This may be due to
a lack of tumor dependence upon leaky neovascularization with preferential feeding from
normal brain vasculature [19]. As our data show, diffuse low-grade diffuse astrocytomas
exhibit an intact BBB, which likely contributes significantly to the poor overall survival
response of these tumors to systemic chemotherapies [20,21]. Further studies may clarify to
what degree tumor cells are supplied by neovasculature with disrupted perivascular tight
junctions and whether this feature can be capitalized on for development of novel
therapeutics. This is of particular importance for the pediatric population where radiotherapy
carries a significant risk of long-term neurocognitive effects and where deep tumor location
often precludes complete surgical resection.
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Figure 1.
Radiographic characteristics of medulloblastoma. (a) Sagittal and (b) axial views of a T1-

weighted magnetic resonance imaging after contrast administration demonstrating a
heterogeneously enhancing mass located in the fourth ventricle

J Interdiscip Histopathol. Author manuscript; available in PMC 2016 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hong et al.

Page 8

Figure2.
Histopathological review of medullloblastoma. (a) An H and E stain, x400 of the specimen

showing hypercellular, undifferentiated small round blue cells, amid apoptosis and
micronecrosis, consistent with medulloblastoma. (b) Specimen stained for glial fibrillary
acidic protein (green) showing virtual absence of astrocytes within tumor mass (DAPI; blue)
and endothelial cells (red) denude of normal, perivascular astrocytic foot processes. ()
Specimen stained for aquaporin 4 (green) similarly showing disruption of normal endothelial
cell (red)-astrocyte relationship
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Figure 3.
Radiographic characteristics of pilocytic astrocyma. (a) Sagittal and (b) axial views of a T1-

weighted magnetic resonance imaging after contrast administration demonstrating an
enhancing mass within the cerebellum
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Figure 4.
Histopathological review of pilocytic astrocytoma. (a) An H and E stain, 400x of the

specimen showing hypercellularity with rosenthal fibers, microvascular proliferation, and
eosinophilic granular bodies, consistent with pilocytic astrocytoma. (b) Specimen stained for
glial fibrillary acidic protein (green) showing abundance of astrocytes, albeit disorganized
near endothelial cells (red). (c) Specimen stained for aquaporin 4 (green) showing significant
loss of perivascular astrocyte foot processes suggestive of blood brain barrier breakdown
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Figureb.
Radiographic characteristics of diffuse astrocytoma. (a) Sagittal and (b) axial views of a T1-

weighted magnetic resonance imaging (MRI) after contrast administration, demonstrating a
non-enhancing hypointense mass (white arrows) abutting the falx. (c) On a T2-weighted
MRI, there was significant associated fluid-attenuated inversion recovery edema (black
arrow)
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Histopathological review of low-grade diffuse astrocytoma. (a) An H and E stain, x400 of
the specimen showing low to moderate cellularity with increased mitotic figures but absence
of microvascular proliferation and necrosis. (b) Specimen stained for glial fibrillary acidic
protein (green) showing abundance of astrocytes, both in perivascular space near CD31
(red)-positive blood vessels and in tumor parenchyma. (c) Specimen stained for aquaporin 4

(green) showing tight organization around blood vessels (red), illustrating preserved

integrity of the blood-brain barrier
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