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The morphological patterns of glioma cell invasion
are known as the secondary structures of Scherer. In
this report, we propose a biologically based mecha-
nism for the nonrandom formation of Scherer’s sec-
ondary structures based on the differential expres-
sion of stromal cell-derived factor (SDF)-1� and
CXCR4 at the invading edge of glioblastomas. The
chemokine SDF-1� was highly expressed in neurons,
blood vessels, subpial regions, and white matter
tracts that form the basis of Scherer’s secondary struc-
tures. In contrast, the SDF-1� receptor, CXCR4, was
highly expressed in invading glioma cells organized
around neurons and blood vessels, in subpial re-
gions, and along white matter tracts. Neuronal and
endothelial cells exposed to vascular endothelial
growth factor up-regulated the expression of SDF-1�.
CXCR4-positive tumor cells migrated toward a SDF-1�
gradient in vitro , whereas inhibition of CXCR4 ex-
pression decreased their migration. Similarly, inhibi-
tion of CXCR4 decreased levels of SDF-1�-induced
phosphorylation of FAK, AKT, and ERK1/2, suggest-
ing CXCR4 involvement in glioma invasion signaling.
These studies offer one plausible molecular basis and
explanation of the formation of Scherer’s structures
in glioma patients. (Am J Pathol 2008, 173:545–560; DOI:
10.2353/ajpath.2008.071197)

In 1938, Hans Joachim Scherer1 described the diffuse
invasion of glioblastoma multiforme (GBMs) from the
main tumor mass into the adjacent brain parenchyma.
The morphological patterns of glioma cell invasion have
since been referred to as the “secondary structures of
Scherer.” Although he named eight distinct types of sec-
ondary structures, this report will focus on only four of
them as shown in his original manuscript (Figure 1A).
These secondary structures, as described in his words,1

include: i) “perineural and neurophagic growth: collec-
tions of glioma cells about all or a great many nerve
cells”; ii) “perivascular growth that is the arrangement of
the glioma cells about many of the pre-existing vessels
and with a tendency of concentrically arranged layers of
cells”; iii) “subpial surface growth that consists in a more
or less thick layer of gliomatous cells in the molecular
layer of the cortex”; and iv) “secondary structure related
to the migration of glioma cells along the white matter,
intrafascicular spread.” Today, these secondary struc-
tures of Scherer are referred to as i) perineuronal satelli-
tosis, ii) perivascular satellitosis, iii) subpial spread, and
iv) invasion along the white matter tracts.2

In his original article, Scherer defined the secondary
structures based on his extensive morphological analysis
of 100 GBMs and proposed the possibility of a “selective
migration of tumor cells toward pre-existing structures,”
eg, neurons or blood vessels. In this report, now 7 de-
cades after his morphological-based hypothesis, we pro-
pose a biological-based mechanism that may help ex-
plain the formation of the secondary structures. We
analyzed a series of 31 GBMs for patterns of glioma cell
invasion related to the expression of the chemokine stro-
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mal cell-derived factor-1 (SDF-1)� and its receptor
CXCR4. We found that SDF-1� was highly expressed in
neuronal cells, blood vessels, subpial regions and white

matter tracts that form the basis of Scherer’s secondary
structures. In contrast, CXCR4, the receptor for SDF-1�,
was highly expressed in invading glioma cells organized

Figure 1. SDF-1� and CXCR4 expression in secondary structures. A: Secondary structures of Scherer. As described in Dr. Scherer’s own words1: 1) “Precocious perineural
structures forming capsules about nerve cells. Case 6/36 Nissl.” 2) “Precocious perivascular and perineural structures in the putamen, imitating perfectly the normal architecture
of the corpus striatum. Case 204/35 Nissl.” 3) “Combination of precocious superficial, perivascular, and perineural structures. Case 27.37. Van Gieson. The perineural growth is
seen only in the deep layers of the cortex.” 4) “Typical perifascicular structures, cut transversely. Case 75/35. Nissl.” (Reproduced from Scherer HJ: Structural development in
gliomas. Am J Cancer 1938, 34:333–351, with permission from Columbia University).1 B: SDF-1� and CXCR4 expression in the secondary structures of Scherer in human GBMs.
Left: SDF-1� and CXCR4 expression in perineuronal and perivascular satellitosis. SDF-1� staining in neurons and blood vessels (white arrowheads) and neuronal processes
(arrows). CXCR4-positive tumor cells clustered around neurons and blood vessels (black arrowheads). Isolated CXCR4-immunoreactive invading glioma cells are also seen.
Right: SDF-1� andCXCR4expression in subpial spread and inwhitematter tracts. Intense SDF-1� staining in subpial region and inmyelinated tracts (white arrowheads). Strong
CXCR4 staining of collections of tumor cells in subpial regions and along white matter tracts (black arrowheads). Invading glioma cells (black arrowheads) are contiguous
to SDF-1�-expressing white matter tracts (white arrowheads). Inset: A tumor cell (black arrowhead) is flanked by two separate positive SDF-1� white matter tracts (white
arrowheads). Immunohistochemistry was done on serial sections. C: In situ hybridization for SDF-1� and CXCR4 in the experimental GL261 murine glioma. Left: SDF-1� mRNA
signal was detected in neurons, blood vessels, and subpial region at the invading tumor edge (arrowheads). No mRNA signal was detected with the sense probe. Top right:
Strong CXCR4 mRNA signal was detected in pseudopalisading cells (black arrowheads), invading glioma cells, in tumor core and tumor edge, respectively. N, necrosis. Inset:
CXCR4 mRNA signal detected in invading cells. Bottom right: Perivascular GFP-positive GL261 glioma cells seen at the invading edge of the tumor into the brain adjacent to
tumor (BAT). Original magnifications: �50 (C, top and bottom right); �100 (B, right; C, bottom); �200 (B, left; C, bottom and inset); �400 (B, right).
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around neurons (perineuronal satellitosis), blood vessels
(perivascular satellitosis), in the subpial region (subpial
spread), and along white matter tracts (invasion along the
white matter tracts).

Based on our in vivo results, we hypothesized that the
secondary structures of Scherer may arise, in part, based
on a SDF-1� gradient originating from structures ex-
pressing SDF-1� and the subsequent migration of
CXCR4-positive glioma cells toward pre-existing struc-
tures. To help explain the basis for the formation of the
secondary structures of Scherer, we evaluated several
potential biological-based mechanisms using in vivo and
in vitro assays. In vivo studies included in situ hybridization
for SDF-1� and CXCR4 mRNA using the experimental
GL261 murine glioma. In vitro assays evaluated expres-
sion of SDF-1� in neuronal and endothelial cell cultures
exposed to the angiogenic factor vascular endothelial
growth factor (VEGF). Human glioma cell lines express-
ing different levels of CXCR4 were used to determine the
effect of a SDF-1� gradient on their migration potential in
vitro. We then tested the effect of two inhibitory ap-
proaches for CXCR4: AMD3100, a specific CXCR4 inhib-
itor, and knockdown of CXCR4 expression using shRNA
expression vectors directed against CXCR4. Finally, we
analyzed the effect of SDF-1� on the level of expression
of phosphorylated FAK, AKT, and ERK1/2 in glioma cells,
all critical signaling molecules in glioma invasion. Based
on our in vivo and in vitro observations, we propose that
the differential expression of SDF-1� and CXCR4 at the
invading edge of GBMs may represent one plausible
explanation for the formation of the well-described sec-
ondary structures of Scherer.

Materials and Methods

Tissue Samples

This study was conducted under a protocol approved by
the Institutional Review Board of New York University
School of Medicine. Thirty-one GBMs classified accord-
ing to World Health Organization criteria were studied.3

The tumors were from 18 female and 13 male patients. All
tumors were supratentorial. Their location was frontal (13
cases), temporal (14 cases), parietal (2 cases), and oc-
cipital (2 cases) lobes. The age range was from 34 to 80
years. Three samples of normal brain removed in the
course of surgical exposure were used as controls. When
present, normal tissue adjacent to the tumor was used as
an internal control.

Immunohistochemistry in Human GBMs

Immunohistochemistry for SDF-1� and CXCR4 was per-
formed as previously described.4–6 Serial sections from
31 GBMs and 3 samples of normal brain were immuno-
stained for SDF-1� or CXCR4. SDF-1� was detected with
a mouse monoclonal antibody (clone 7801B; R&D Sys-
tems, Minneapolis, MN) diluted 1:50 and CXCR4 was
detected with mouse monoclonal antibody (clone 44716,
R&D Systems) diluted 1:150. Heat-induced epitope re-

trieval was done by boiling the deparaffinized tissue sec-
tions in 10 mmol/L citrate buffer (pH 6.0) for 20 minutes
for SDF-1� and CXCR4 in a 1200 W microwave oven at
90% output. The sections were allowed to cool to room
temperature for 30 minutes and then incubated with pri-
mary antibodies at room temperature overnight on a
NexES (Ventana Medical Systems, Tucson, AZ) auto-
mated immunostainer. SDF-1� and CXCR4 were de-
tected with a prediluted biotinylated goat anti-mouse sec-
ondary antibody (Ventana Medical Systems, Tucson,
AZ). Flanking sections were stained for �-smooth muscle
actin (SMA) with a mouse monoclonal antibody directed
against the amino terminal decapeptide of SMA (Bio-
genex Laboratories, San Ramon, CA), at 1:100 dilution.7,8

Neu-N immunostaining9 (Chemicon, Temecula, CA) was
used to identify neurons at 1:2000 dilution. In each case,
the secondary antibody was applied for 30 minutes fol-
lowed by horseradish peroxidase-conjugated streptavi-
din with 3,3�-diaminobenzidine as the chromogen.

For double-label immunohistochemistry we first used
anti-CXCR4 antibody incubated overnight at room tem-
perature and detection with a biotinylated goat anti-mouse
antibody followed by application of streptavidin-horse-
radish-peroxidase conjugate, visualized with 3,3�-diami-
nobenzidine (brown). Second, we used anti-SDF-1� an-
tibody incubated overnight at room temperature and
detected with a biotinylated goat anti-mouse antibody,
followed by application of alkaline phosphatase-strepta-
vidin conjugate, visualized with Fast Red (red). Nuclei
were lightly counterstained with hematoxylin, and slides
dehydrated and mounted with permanent medium. Con-
trol procedures included isotype-matched murine mono-
clonal antibody for SDF-1� and CXCR4.

Histological Assessment

The GBMs used in this study were selected because
each specimen included brain parenchyma adjacent to
the tumor. This allowed analysis of tumor cells at the edge
of the tumor invading into the brain tissue. We identified
from the files of the Division of Neuropathology at New
York University, cases in which at least one of the sec-
ondary structures was recognized. Two pathologists
(D.Z. and H.Y.) independently evaluated the immuno-
staining results. When an evaluation differed, the final
decision was made by consensus. The immunohisto-
chemical analysis of SDF-1� and CXCR4 was scored as
follows: 0, no staining; �, staining of less than 1% of
structures; ��, staining of 1 to 10% of structures; ���,
staining of 10 to 50% of structures; ����, staining of
greater than 50% of structures.4 In each GBM specimen,
immunostaining for SDF-1� in neurons, blood vessels,
subpial regions, and white matter tracts and immuno-
staining for CXCR4 in invading glioma cells was as-
sessed separately.

Intracranial Tumor Model

This study was conducted under a protocol approved by
the Institutional Animal Care and Use Committee of New
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York University School of Medicine. The animal model
used green fluorescence protein (GFP)-tagged GL261
glioma cells implanted in the brains of syngeneic
C57BL/6 mice as previously described.10 This experi-
mental system allows us to detect GL261-invading gli-
oma cells using immunohistochemistry for GFP as
described.10

In Situ Hybridization in the Murine GL261
Glioma

Frozen tissue sections of tumor-containing cryoprotected
mouse brains from mice 28 days after implantation and
two normal brains from uninjected mice were used. The
RNA probes for SDF-1� and CXCR4 were kindly provided
by Dr. Y. Shen in Dr. D. Littman’s laboratory at New York
University. To obtain an antisense SDF-1� probe, a plas-
mid carrying 880 bp of the SDF-1� cDNA was linearized
with XhoI and transcribed with SP6 RNA polymerase. To
obtain a sense SDF-1� probe, the plasmid was linearized
with HindIII and transcribed with T7 RNA polymerase. To
obtain an antisense CXCR4 probe, a plasmid carrying
800 bp of the CXCR4 cDNA was linearized with SalI and
transcribed with T3 RNA polymerase. To obtain a sense
CXCR4 probe, the plasmid was linearized with XbaI and
transcribed with T7 RNA polymerase. In situ hybridization
was performed on 20-�m-thick coronal cryostat frozen
sections, using digoxigenin-labeled sense and anti-
sense RNA probes against SDF-1� and CXCR4 as pre-
viously described.11 Briefly, slides were fixed in 4% para-
formaldehyde (PFA) for 10 minutes at room temperature,
rinsed three times in phosphate-buffered saline (PBS),
treated with proteinase K for 5 minutes, refixed with 4%
PFA for 10 minutes at room temperature, and washed
three times for 5 minutes each in PBS. After acetylation,
the sections were incubated with hybridization buffer
containing sense or antisense RNA probes at 55°C for 18
hours in a moist chamber. After hybridization, slides were
washed under high stringency conditions and treated
with ribonuclease A to remove unhybridized probes, fol-
lowed by incubation with the anti-digoxigenin antibody
and visualization with BM-Purple AP substrate, according
to the manufacturer’s instructions (Roche Biosciences,
Palo Alto, CA). Serial brain sections were also evaluated
using immunohistochemistry for GFP, performed as pre-
viously described.10 Three independent experiments
were performed.

Cells and Reagents

The human glioma cell lines, LN229 and LN308 (kindly
provided by Dr. F. Furnari from the Ludwig Institute for
Cancer Research, University of California at San Diego,
San Diego, CA), the U87MG cell line (originally obtained
from the American Type Culture Collection, Manassas,
VA) and the human embryonic kidney 293T cells, used
for lentivirus production studies (kindly provided by Dr.
M. Pagano, New York University) were cultured in 5%
CO2 at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum

(FBS), 1% penicillin and streptomycin, and 2 mmol/L
glutamine (Life Technologies, Inc., Grand Island, NY).
SDF-1� and VEGF were purchased from R&D Systems
and a stock solution (100 �g/ml and 10 �g/ml, respec-
tively) was prepared in 0.1% bovine serum albumin (BSA)
in PBS and kept at �20°C until used. AMD3100, a spe-
cific CXCR4 inhibitor,12 (kindly provided by Dr. J.B.
Rubin, Washington University, St. Louis, MO), was pre-
pared in PBS (5 mg/ml) and kept at 4°C until used. For
hypoxic exposure, cells were placed in a sealed mod-
ular incubator chamber (Billups-Rothenberg Inc., Del
Mar, CA) flushed with 1% O2, 5% CO2, and 94% N2 and
incubated at 37°C for the appropriate time interval.
Human cortical neurons (HCN-1A), herein after re-
ferred to as HCNs, were purchased from the American
Type Culture Collection and cultured in DMEM supple-
mented with 10% FBS. Human brain microvascular
endothelial cells (HBMECs) were purchased from Cell
Systems (Kirkland, WA) and cultured in CS-C Complete
medium (Cell Systems).

Immunofluorescence Microscopy of Glioma
Cells

LN229, LN308, and U87MG glioma cells (3 � 104) were
seeded onto poly-D-lysine-coated glass coverslips and
incubated overnight. Cells were grown under normoxia or
hypoxia for 12 hours and processed for immunofluores-
cence. For SDF-1� staining, cells were incubated with a
rabbit polyclonal anti-human SDF-1� antibody (2.5 �g/
ml) (Peprotech, Inc., Rocky Hill, NJ) for 1 hour at 4°C,
followed by a secondary anti-rabbit fluorescein isothio-
cyanate-conjugated antibody (Jackson ImmunoRe-
search, West Grove, PA) for 30 minutes at 4°C, washed,
and fixed with 1% PFA. For CXCR4 staining, cells were
first fixed in 0.25% PFA in PBS for 30 minutes and
permeabilized for 20 minutes in 0.01% saponin/PBS
(Sigma-Aldrich, Saint Louis, MO) at room temperature.
Nonspecific binding was blocked by incubation in
blocking buffer containing 2% BSA for 30 minutes at
room temperature. Cells were incubated overnight at
4°C with primary anti-CXCR4 rabbit polyclonal anti-
body (IMG-537; Imgenex, San Diego, CA) diluted
1:500. Cells were washed in blocking buffer three times
for 5 minutes each before incubation with secondary
goat anti-rabbit fluorescein isothiocyanate-conjugated
antibody (Jackson ImmunoResearch) diluted 1:500 for
2 hours at room temperature in the dark. Cells were
counterstained with propidium iodide (PI, 20 �g/ml) for
20 minutes at room temperature, washed in PBS,
mounted onto glass slides, and examined using a Ni-
kon (Melville, NY) fluorescence microscope. Images
were adjusted using Adobe Photoshop 9.0 software
(Adobe, San Jose, CA). Four independent experiments
were performed. Control cells were incubated with ir-
relevant polyclonal antibody or after omission of the
primary antibodies.
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Immunofluorescence Studies in Neuronal and
Endothelial Cells

Cells (2 � 106) were seeded onto poly-D-lysine-coated
coverslips (HCNs) or attachment factor-coated cover-
slips (HBMECs) and grown in DMEM supplemented with
10% FBS or CS-C complete medium, respectively. After
48 hours, the medium was changed to serum-free me-
dium, containing 50 mmol/L HEPES. After 4 hours of
serum starvation, cells were exposed to serum-contain-
ing media with or without 50 ng/ml of VEGF for 8 hours in
normoxic conditions and stained for SDF-1� as de-
scribed above for glioma cells. The percentage of SDF-
1�-positive cells was counted in five random fields at
�200 magnification. Three independent experiments
were performed and pooled for statistical analysis.

Flow Cytometry

HCNs and HBMECs were collected from the culture
dishes and incubated with a rabbit polyclonal anti-human
SDF-1� antibody (Peprotech, Inc.) diluted 1:500 for 1
hour at 4°C. After washing, cells were incubated for 30
minutes at 4°C with a secondary anti-rabbit fluorescein
isothiocyanate-conjugated antibody (Jackson Immu-
noResearch), diluted 1:1000. Cells were examined using
a LSRII flow cytometer (Becton Dickinson Biosciences,
San Jose, CA) and data were analyzed by FlowJo soft-
ware (Tree Star Inc., Ashland, OR). Three independent
experiments were performed. Results were expressed as
a ratio of the mean fluorescence intensity of cells stained
with the SDF-1� antibody after VEGF exposure versus
cells exposed to control media. Representative flow his-
tograms are presented.

Western Blot Analysis

LN229, LN308, and U87MG glioma cells (2 � 106) were
seeded in 10-cm dishes in complete growth medium.
After 48 hours, the medium was changed to DMEM con-
taining 1% FBS and 50 mmol/L HEPES (pH 7.4). Cells
were exposed to normoxic or hypoxic conditions for 24
hours. Cells were lysed in RIPA buffer (150 mmol/L NaCl,
1% Nonidet P-40, 1% deoxycholate, 0.1% sodium dode-
cyl sulfate, 10 mmol/L Tris-HCl, pH 8.0, 1 mmol/L ethyl-
enediaminetetraacetic acid, pH 8.0) supplemented with
protease inhibitors.5 Protein quantitation and electro-
phoresis was performed as previously described.5 West-
ern blot analysis was performed with the following anti-
bodies: rabbit anti-CXCR4 polyclonal antibody (IMG-537,
Imgenex), rabbit anti-total FAK polyclonal antibody (Ab-
cam, Cambridge, MA), rabbit anti-p-FAK polyclonal anti-
body (Abcam), rabbit anti-total AKT polyclonal antibody
(Cell Signaling Technology, Inc., Danvers, MA), rabbit
anti-p-AKT polyclonal antibody (Cell Signaling Technol-
ogy, Inc.), rabbit anti-total ERK1/2 polyclonal antibody
(Cell Signaling Technology, Inc.), and mouse anti-
pERK1/2 monoclonal antibody (sc-7383; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). Anti-FAK, anti-AKT,
and anti-ERK1/2 antibodies were all used at 1:1000 dilu-

tions whereas the anti-CXCR4 was used at 1:500 dilution.
We also used a mouse anti-actin monoclonal antibody at
1:20,000 dilution (mAb 1501, clone C4; Chemicon Inter-
national, Inc., Temecula, CA). Sheep anti-mouse and
donkey anti-rabbit IgG (Amersham Life Pharmacia Bio-
tech, Piscataway, NJ) horseradish peroxidase-conju-
gated secondary antibodies were used at 1:2500 dilution.
Immunodetection was performed with the Supersignal
West Pico chemiluminescent substrate enhanced chemi-
luminescence detection system (Pierce Biotechnology
Inc., Rockford, IL) followed by visualization and densi-
tometry using NIH Image software (National Institutes of
Health, Bethesda, MD). Two independent experiments
were performed.

Migration Assay

BD Biocoat chambers (BD Biosciences Discovery Lab-
ware, Bedford, MA) with 8-�m pore size polystyrene filter
inserts were used according to the manufacturer’s in-
structions and as described.5 Briefly, cells (5 � 104) in
400 �l of DMEM with 10% FBS were seeded onto the
upper compartment of each chamber and placed into
wells containing 600 �l of complete medium in the lower
chamber in the absence or presence of SDF-1� (0 ng/ml
or 100 ng/ml). Cells were allowed to adhere for 1.5 hours,
and then the medium in the upper chamber was replaced
with complete medium with or without varying concentra-
tions of SDF-1� (0, 1, 10, 100 ng/ml), in the absence or
presence of 100 nmol/L of AMD3100. The migration
chambers were incubated for 24 hours in normoxic or
hypoxic conditions at 37°C. After incubation, the inserts
were fixed and stained and the number of migrating cells
was counted as described.5 Two independent experi-
ments, done in triplicate, were performed.

Lentivirus Production and Infection of Glioma
Cells

Five different shRNA sequences directed against CXCR4
were purchased from Open Biosystems (Huntsville, AL).
Recombinant lentiviruses were produced by co-trans-
fecting human embryonic kidney 293T cells with the len-
tivirus expression vector (pLKO.1 puro), either empty or
expressing a CXCR4 shRNA sequence and packaging
plasmids (�8.9 and vsv-g) using Fugene 6 (Roche Diag-
nostics, Indianapolis, IN) as a transfection reagent.13 In-
fectious lentiviruses were collected at 24, 48, and 72
hours after transfection and the pooled supernatants cen-
trifuged to remove cell debris and filtered through a
0.45-�m filtration unit. Cells were infected and stable
transfectants were selected in puromycin for 7 days.
Three of the five sequences down-regulated CXCR4 ex-
pression in glioma cells based on Western blot analysis
and were used for further investigations.

Statistical Analysis

The potential association between detection of SDF-1�
and CXCR4 expression by immunohistochemistry and
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the presence of a given secondary structure of Scherer
was statistically analyzed using two different methods.
The Fisher exact test with Bonferroni correction with a
stringent statistical significance level of 0.0125 was used
because of multiple testing. A logistic regression model
evaluated the probability of observing a given secondary
structure in glioma specimens based on the detection of
SDF-1� and/or CXCR4 immunoreactivity. Using this
model, the reference group was defined as cases in
which both SDF-1� and CXCR4 were detected. We first
analyzed cases in which SDF-1� or CXCR4 was present
and asked whether it was predictive of detecting a given
secondary structure. We then studied cases in which
neither SDF-1� nor CXCR4 were present and asked
whether it was predictive of detecting a given secondary
structure. A P value and an odds ratio were calculated.
The log odds ratio (LOR) was defined as the natural log of
the ratio of the odds of a specific secondary structure
occurring in one group compared to the odds of it occur-
ring in the reference group. For in vitro studies, experi-
ments were performed two or three times. Results are
expressed as mean � SD. All analyses for the conditions
being compared were performed using a two-sided Stu-
dent’s t-test for significance (P � 0.05). All statistical
analysis was performed using statistical software R 2.5.1.

Results

SDF-1� and CXCR4 Patterns of Expression
Associated with the Secondary Structures of
Scherer in GBMs

As a first step to investigate the role of SDF-1� and
CXCR4 expression in the formation of the secondary
structures of Scherer, we performed immunohistochemi-
cal analysis in 31 GBM cases. In each GBM specimen we
analyzed the invading edge of the tumors. The results of
the analyses are summarized in Table 1. Patterns of
expression for SDF-1� and CXCR4 are illustrated in Fig-
ure 1B and Figure 2A.

The patterns of SDF-1� and CXCR4 staining relating to
each of the secondary structures of Scherer included 21
(68%) cases with perineuronal satellitosis, 19 (61%)
cases with perivascular satellitosis, 17 (55%) cases with
subpial spread, and 23 (74%) cases with invasion along
white matter tracts. In some cases mixed features were
seen as described by Scherer in his original report.1 In
this study the most common combination we observed
was the presence of perineuronal and perivascular sat-
ellitosis and subpial spread in seven cases, a combina-
tion previously described by Scherer1 (Figure 1A).

SDF-1� and CXCR4 immunoreactivity was present in
each of the 31 GBMs, but to a variable degree. For
SDF-1�, 22 cases showed nuclear, cytoplasmic, and
membranous staining; 6 cases showed nuclear and cy-
toplasmic staining without any membranous staining; and
3 cases showed only nuclear or cytoplasmic staining but
not both. Overall staining for SDF-1� in tumor cells was
scant, consistent with previous reports.14,15 For CXCR4,
20 cases showed nuclear, cytoplasmic, and membra-

nous staining; 7 cases showed nuclear and cytoplasmic
staining without any membranous staining; and 4 cases
showed only nuclear or cytoplasmic staining, but not
both. Nuclear localization of CXCR4, reported in pros-
tate16 and breast cancer17 has been correlated with in-
vasive and metastatic spread.18 Immunohistochemistry
for Neu-N and SMA was performed to identify neurons
and blood vessels, respectively. Immunoreactivity for
SMA was variably expressed in blood vessels, whereas
Neu-N immunoreactivity was seen in neurons (Figure 2A).

Perineuronal Satellitosis (PNS)

The first of the secondary structures was seen in 21 of 31
cases (Table 1). In these positive cases, the number of
neurons surrounded by tumor cells varied from only a few
neurons to almost all of the neurons present in the spec-
imen. In addition, glioma cells forming the perineuronal
clusters also varied in number (Figure 1B). In 17 of the 21
cases, SDF-1� immunoreactivity was present in neurons,
whereas CXCR4 immunoreactivity was observed in the
glioma cells forming clusters around the neurons. The
perinuclear cytoplasm of cortical neurons was high-
lighted by SDF-1� immunoreactivity, whereas neuronal
cell processes were stained to a lesser degree (Figure
1B). The percentage of neurons expressing SDF-1� was
scored as 4� in 10 cases, 3� in 5 cases, and 2� in 2
cases. Regarding the percentage of CXCR4 expression
in glioma cells, eight cases were scored as 4�, five as
3�, and four as 2�. Of the 21 cases with PNS there were
4 exceptions: 1 case showed SDF-1�-positive neurons
(2�) surrounded by CXCR4-negative glioma cells; 2
cases showed CXCR4-positive glioma cells (2�, 2�)
surrounding SDF-1�-negative neurons; and 1 case
lacked both SDF-1� and CXCR4 immunoreactivity in neu-
rons and perineuronal glioma cells, respectively. In ad-
dition, there were 10 cases without PNS. Three cases
lacked neurons and tumor cells positive for SDF-1� and
CXCR4, respectively. The remaining seven cases, in gen-
eral, contained less than 10% of SDF-1� immunopositive
neurons or CXCR4-positive glioma cells (Table 1).

Perivascular Satellitosis (PVS)

The second of the secondary structures was seen in 19 of
31 cases (Table 1). In these positive cases, the number of
blood vessels surrounded by cuffs of glioma cells varied
from field to field. Similarly, the number of glioma cells
present in the thin or thick perivascular aggregates was
variable (Figure 1B). In 16 of the 19 cases, SDF-1� im-
munoreactivity was present in blood vessels whereas
CXCR4 immunoreactivity was observed in glioma cells
surrounding the blood vessels (Figure 1B). The percent-
age of blood vessels expressing SDF-1� was scored as
4� in 11 cases, 3� in 4 cases, and 2� in 1 case.
Regarding the percentage of CXCR4 expression in gli-
oma cells, 10 cases were scored as 4�, 3 as 3�, and 3
as 2�. Of the 19 cases with PVS there were 3 exceptions:
1 case showed SDF-1�-positive blood vessels (2�) sur-
rounded by CXCR4-negative glioma cells; 1 case
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showed CXCR4-positive glioma cells (3�) surrounding
SDF-1�-negative blood vessels; and 1 lacked both
SDF-1� and CXCR4 immunoreactivity in blood vessels
and perivascular glioma cells, respectively. In addition,
there were 12 cases without PVS. Three cases lacked
blood vessels and tumor cells positive for SDF-1� and
CXCR4, respectively. The remaining nine cases, in
general, contained less than 10% of SDF-1� immu-
nopositive blood vessels or CXCR4-positive glioma
cells (Table 1).

Subpial Spread (SPS)

The third of the secondary structures was seen in 17 of 31
cases (Table 1). In these positive cases, the zone just
below the pial margin was the site of strong immunore-
activity for SDF-1� (Figure 1B) and included the glia
limitans in all 17 cases. Glioma cells were observed as
closely packed collections of CXCR4 immunopositive tu-
mor cells located beneath the pia in the subpial regions in
16 of the 17 cases (Figure 1B). The expression of SDF-1�

Table 1. Immunoreactivity for SDF-1� and CXCR4 in the Secondary Structures of Schere

Case number

PNS PVS SPS IAWMT

Neurons
SDF-1�

Glioma
cells

CXCR4

Blood
vessels
SDF-1�

Glioma
cells

CXCR4

Subpial
region
SDF-1�

Glioma
cells

CXCR4

White matter
tracts

SDF-1�

Glioma
cells

CXCR4

1 � �� �� � �� ���� ���� ���
2 ���� ��� ���� ���� ���� ���� 0 ��
3 ��� ���� ���� ���� ���� ���� ���� ���
4 0 �� ��� �� �� �� �� ����
5 ��� ���� ���� ���� ���� ��� 0 0
6 0 �� ��� ���� ��� �� � �
7 � � � 0 ���� ��� ��� ��
8 � 0 ���� ���� ���� ���� ���� ����
9 0 � ���� �� ��� 0 ���� ����

10 ���� ���� �� 0 �� 0 ���� ���
11 0 � 0 � ���� ���� ���� ��
12 �� �� ��� ��� 0 �� �� ��
13 ���� ���� ���� ���� 0 �� ���� ����
14 0 �� ���� ��� ���� ���� � 0
15 ���� �� ��� ���� 0 � ��� ����
16 ���� ���� 0 � 0 0 ���� ��
17 0 �� 0 � ���� ���� ���� ����
18 ��� ��� 0 0 ���� ���� ��� ����
19 �� ���� 0 �� ���� �� 0 0
20 ��� ��� 0 ��� ���� �� ���� ��
21 0 0 0 �� 0 0 0 �
22 ���� ���� ���� ��� 0 0 �� ���
23 ���� ��� ���� ���� 0 0 0 0
24 0 0 �� ���� 0 0 0 0
25 ���� ���� 0 ��� ��� ��� 0 ��
26 ���� �� 0 0 0 0 ���� ����
27 0 0 �� 0 ��� ���� 0 0
28 ��� ��� ���� �� 0 0 ���� ����
29 ���� �� ���� ���� ���� ��� ���� ���
30 0 0 0 0 0 0 �� 0
31 �� 0 0 0 0 0 0 0

PNS PVS SPS IAWMT

D ND D ND D ND D ND

SDF-1� CXCR4 21 10 19 12 17 14 23 8
� � 17 2 16 1 16 1 18 2
� � 1 1 1 2 1 1 1 1
� � 2 4 1 6 0 3 2 1
� � 1 3 1 3 0 9 2 4

Serial sections from 31 GBMs and 3 samples of normal brain were immunostained for SDF-1� or CXCR4. The patterns of SDF-1� and CXCR4
staining relating to each of the secondary structures of Scherer included 21 (68%) cases with perineuronal satellitosis (PNS), 19 (61%) with
perivascular satellitosis (PVS), 17 (55%) cases with subpial spread (SPS), and 23 (74%) cases with invasion along white matter tracts (IAWMT). Within
each column for the secondary structure, SDF-1� results refer to staining in neurons, blood vessels, subpial regions, and white matter tracts. CXCR4
results refer to staining in invading glioma cells. The immunohistochemical analysis of SDF-1� and CXCR4 was scored as follows: 0, no staining; �,
staining of less than 1% of structures; ��, staining of 1 to 10% of structures; ���, staining of 10 to 50% of structures; ����, staining of greater
than 50% of structures. The bold portions of the table correspond to the cases where a given secondary structure was not detected. For the bottom
portion of the table: D, number of cases where a secondary structure was detected; ND, number of cases where a secondary structure was not
detected. Further, for this section, SDF-1� � indicates the number of cases where SDF-1� was detected and SDF-1� � indicates the number of cases
where SDF-1� was not detected. CXCR4 � indicates the number of cases where CXCR4 was detected and CXCR4 � indicates the number of cases
where CXCR4 was not detected.
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in subpial regions was scored as 4� in 12 cases, 3� in
3 cases, and 2� in 1 case. Regarding the percentage of
CXCR4 expression in glioma cells, nine cases were
scored as 4�, four as 3�, and three as 2�. Of the 17
cases with SPS there was 1 exception where SDF-1�-
positive subpial regions (2�) with CXCR4-negative ag-
gregates of glioma cells were seen. There was no case in
which CXCR4 was detected in the absence of SDF-1�
expression or in which both SDF-1� and CXCR4 were
absent. In addition, there were 14 cases without SPS.
Nine cases lacked subpial regions and tumor cells pos-

itive for SDF-1� and CXCR4, respectively. The remaining
five cases, in general, contained less than 10% of SDF-1�
immunopositive subpial regions or CXCR4-positive gli-
oma cells (Table 1).

Invasion Along White Matter Tracts (IAWMT)

Finally, the fourth of the secondary structures was seen in
23 of 31 cases (Table 1). In these positive cases the
number of tracts with contiguous tumor cells varied with

Figure 2. VEGF up-regulates SDF-1� in neurons and vascular cells. A: Perineuronal and perivascular satellitosis at the edge of GBMs. Top left: Immunoreactivity
for SDF-1� is seen in neurons (open arrowheads) and in blood vessels (black arrowheads). Both perineuronal (open arrows) and perivascular (black
arrows) satellitosis are evident as aggregates of tumor cells are seen around neurons and blood vessels, respectively. Top right: Perineuronal (open arrows)
and perivascular (black arrows) CXCR4-immunopositive glioma cells are seen. Bottom left: Neu-N immunoreactivity decorates neuronal cells. Right bottom
panel: Blood vessels at the edge of GBMs are highlighted by SMA immunoreactivity (black arrowheads). B: Double-label immunohistochemistry for SDF-1� and
CXCR4 show SDF-1�-immunoreactive neurons and vascular channels (red, open arrowheads) and perineuronal and perivascular CXCR4-immunoreactive tumor
cells (brown, black arrows). C: Immunofluorescence for SDF-1� in HCNs and HBMECs. In the absence of VEGF exposure, HCNs and HBMECs demonstrated
weak and scant SDF-1� immunostaining. VEGF-treated cells showed strong immunoreactivity of SDF-1� (green fluorescence). DAPI: nuclear blue fluorescence.
Bar graphs represent data pooled from three independent experiments for statistical analysis comparing the number of cells positive for SDF-1� expression in
different groups. (*P � 0.05). D: Flow cytometry for SDF-1� in HCNs and HBMECs. After VEGF exposure, increasing levels of SDF-1� expression were found on
HCNs and HBMECs. The relative mean fluorescence intensity increased 50% for HCNs and 100% in HBMECs. The results are representative of three independent
experiments (*P � 0.05). Original magnifications: �200 (A); �400 (B); �40 (C).
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the proximity to the tumor edge, ie, these tracts were
more numerous closer to the tumor edge. Here white
matter tracts were highlighted by the immunoreactivity for
SDF-1� (Figure 1B), whereas CXCR4 immunoreactivity
was observed in invading glioma cells seen just contig-
uous to white matter tracts in 18 of the 23 cases (Figure
1B). The percentage of white matter tracts expressing
SDF-1� was scored as 4� in 13 cases, 3� in 3 cases,
and 2� in 2 cases. Regarding the percentage of CXCR4
expression in glioma cells, nine cases were scored as
4�, five as 3�, and four as 2�. Of the 23 cases with
IAWMT there were 5 exceptions: 1 case showed SDF-1�-
positive white matter tracts (2�) with adjacent CXCR4-
negative glioma cells; 2 cases showed CXCR4-positive
glioma cells (2�, 2�) adjacent to SDF-1�-negative white
matter tracts; and 2 cases lacked both SDF-1� and
CXCR4 immunoreactivity in white matter tracts and
invading glioma cells, respectively. In addition, there
were eight cases without IAWMT. Four cases lacked
white matter tracts and glioma cells positive for SDF-1�
and CXCR4, respectively. The remaining four cases, in
general, contained less than 10% SDF-1� immunopo-
sitive white matter tracts or CXCR4-positive tumor cells
(Table 1).

In the three samples of normal brain, neurons showed
weak immunoreactivity for SDF-1� and blood vessels showed
weak immunoreactivity for SDF-1� and CXCR4.14,19 In all
cases, no SDF-1� and CXCR4 staining was observed
when isotype-matched murine monoclonal antibody
was used. To show the relation between SDF-1� and
CXCR4 expression, we performed double-label immu-
nohistochemistry. Perineuronal and perivascular CXCR4
immunoreactive tumor cells (brown) were aggregated
around SDF-1� immunoreactive neurons (red) and vas-
cular channels (red) (Figure 2B). In addition, CXCR4-
immunoreactive tumor cells were seen contiguous to
SDF-1�-immunoreactive white matter tracts and subpial
regions (data not shown).

Association Studies of the Occurrence of a
Given Secondary Structure of Scherer with the
Expression of SDF-1� and CXCR4

Using the Fisher exact test with Bonferroni correction, the
detection of SDF-1� and/or CXCR4 immunoreactivity in a
given secondary structure of Scherer, except for IAWMT,
which had borderline significance, all of Scherer’s struc-
tures (PNS, PVS, and SPS) showed a statistically signifi-
cant association. The P values were: PNS, P � 0.003;
PVS, P � 0.001; SPS, P � 0.001; and IAWMT, P � 0.019.
Using a logistic regression model, the reference group
was defined as cases in which both SDF-1� and CXCR4
immunoreactivity were present. We first analyzed cases
in which SDF-1� or CXCR4 was present and asked
whether it was predictive of detecting a given secondary
structure. In the first analysis, the detection of either
SDF-1� or CXCR4 immunoreactivity had a significant log
odds ratio (LOR) for the presence of the secondary struc-
tures PNS, PVS, and SPS, as compared to the reference
group. In contrast, for the presence of IAWMT, the de-

tection of either SDF-1� or CXCR4 immunoreactivity had
no significant LOR. The P values and LORs were: PNS,
P � 0.011, LOR � �2.65; PVS, P � 0.001, LOR � �4.16;
SPS, P � 0.006, LOR � �2.74; IAWMT, P � 0.128,
LOR � �1.79. Negative LORs indicate that the likelihood
of the presence of immunoreactivity for SDF-1� or CXCR4
detected in a given secondary structure is low compared
to the reference group.

We then studied cases in which neither SDF-1� nor
CXCR4 were present and asked whether it was predictive
of detecting a given secondary structure. In the second
analysis of cases in which no SDF-1� or CXCR4 immu-
noreactivity was detected, there was a marked decrease
in the probability of the presence of any of the secondary
structures compared to the reference group. For SPS,
there was no case in which both SDF-1� and CXCR4
were absent precluding the analysis by the logistic re-
gression model. For the other secondary structures, the P
values and LORs were: PNS, P � 0.019, LOR � �3.24;
PVS, P � 0.012, LOR � �3.87; SPS, not done, LOR �
�4.97; IAWMT, P � 0.011, LOR � �2.89. Thus, the
absence of both SDF-1� and CXCR4 immunoreactivity
predicted the absence of a secondary structure.

SDF-1� and CXCR4 Are Expressed at the
Invading Edge of the Murine GL261 Glioma

Because the classic secondary structures of Scherer
occur in the murine GL261 glioma model,10 we per-
formed in situ hybridization to detect SDF-1� and CXCR4
mRNA expression patterns in the brains of mice with a
GL261 glioma. SDF-1� mRNA was expressed in neurons,
blood vessels, and in subpial regions at the tumor edge
(Figure 1C), but not in white matter tracts. Strong CXCR4
mRNA signal was detected in invading GL261 glioma
cells and in blood vessels at the tumor edge (Figure 1C).
CXCR4 mRNA was also up-regulated in pseudopalisad-
ing cells within the tumor core (Figure 1C), consistent with
our previous report in human GBMs.5 In normal mouse
brain, weak SDF-1� and CXCR4 mRNA signals were
detected in cortical neurons and in dentate gyrus,
respectively.20,21 No signal was detected with the
sense probe (Figure 1C). Using immunohistochemistry
for GFP-tagged GL261 glioma cells, we detected sec-
ondary structures. For example, GFP-tagged tumor
cells were seen clustered around blood vessels, ie,
perivascular satellitosis, at the advancing edge of the
tumor (Figure 1C).

VEGF Up-Regulates SDF-1� Expression in
Neuronal and Vascular Cells

Based on previous reports showing that VEGF up-regu-
lates SDF-1� in many cell types,22 we tested the hypoth-
esis that VEGF might also be responsible for the up-
regulation of SDF-1� observed in neurons and blood
vessels at the edge of GBMs that form the basis of
Scherer’s secondary structures. Neuronal (HCNs) and
endothelial (HBMECs) cells were exposed to VEGF for 8
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hours and SDF-1� expression was analyzed by immuno-
staining and flow cytometry (Figure 2, C and D). As
visualized by immunostaining, stimulation with VEGF re-
sulted in a significant increase in the percentage of SDF-
1�-positive HCNs and HBMECs (Figure 2C). The per-
centage of SDF-1�-positive HCNs was 71.4 � 16.2 after
VEGF exposure compared to 25.9 � 4.1 in untreated
cells (P � 0.02). The percentage of SDF-1�-positive HB-
MECs was 54.9 � 13.4 after VEGF exposure compared to
26.5 � 5.5 in untreated cells (P � 0.007). In addition, we
noted that cells exposed to VEGF showed increased
staining intensity of SDF-1� (Figure 2C), which was con-
firmed by flow cytometry (Figure 2D).

CXCR4 Expression in Glioma Cells and
Migration toward a SDF-1� Gradient

Based on our in vivo observations in human GBMs, we
hypothesized that the secondary structures of Scherer
might be associated with the migration of CXCR4-ex-
pressing glioma tumor cells toward brain structures ex-
pressing SDF-1�, ie, the source of a SDF-1� gradient. To
test this hypothesis, we screened several glioma cell
lines for their basal level of CXCR4 expression. We se-
lected three cell lines that differed in CXCR4 expression
by Western blot analysis: low-CXCR4-expressing LN229
(CXCR4lo), high-CXCR4-expressing LN308 (CXCR4hi),
and U87MG (CXCR4hi) (Figure 3A). These Western blot
results were consistent with the reported mRNA levels in
these cell lines.23 Previously, we demonstrated that hyp-
oxia and HIF-1 up-regulated CXCR4 expression in glioma
cells.5 Therefore, we first tested the effect of hypoxia on
the expression of CXCR4 protein in LN229, LN308, and
U87MG glioma cells. Hypoxia increased the protein lev-
els of HIF-1� and CXCR4 in all cell lines by approximately
threefold (Figure 3A). However, the level of hypoxia-in-
duced CXCR4 expression in LN229 (CXCR4lo) glioma
cells remained low compared with the endogenous level
of CXCR4 in LN308 (CXCR4hi) and U87MG (CXCR4hi)
glioma cells in normoxic conditions.

Using immunofluorescence, we investigated the levels
of SDF-1� and CXCR4 expression in LN229, LN308, and
U87MG cells grown in normoxic and hypoxic conditions.
Under normoxic conditions, weak staining for SDF-1�
and CXCR4 was observed in LN229 (CXCR4lo) cells
whereas membranous or diffuse cytoplasmic pattern of
expression was seen in LN308 (CXCR4hi) and U87MG
(CXCR4hi) glioma cells. However, after 12 hours of expo-
sure to hypoxia, LN229, LN308, and U87MG glioma cells
up-regulated the expression of SDF-1� and CXCR4 in the
nucleus (Figure 3B). This localization of SDF-1�, a se-
creted cytokine, and CXCR4, a cell membrane receptor
to the nucleus, was consistent with our in vivo observa-
tions of GBM tumor cells where both SDF-1� and CXCR4
were observed in the nucleus (Figure 1B).

Next we evaluated the effects of a SDF-1� gradient on
the migration potential of LN229 (CXCR4lo), LN308
(CXCR4hi), and U87MG (CXCR4hi) glioma cells. Cells
were cultured for 24 hours under normoxic or hypoxic
conditions and evaluated for their capacity to migrate in

the Boyden chamber assay in the absence or presence of
a SDF-1� gradient. Results from two independent experi-
ments are shown in Figure 3C. The migration of LN229
(CXCR4lo), LN308 (CXCR4hi), and U87MG (CXCR4hi) gli-
oma cells increased under hypoxic compared to normoxic
conditions (P � 0.001). However, under both normoxic and
hypoxic conditions, the migration of LN229 (CXCR4lo) gli-
oma cells was not affected by the presence of SDF-1� in the
lower chamber or as the concentration of SDF-1� increased
in the upper chamber. In sharp contrast, under both nor-
moxic and hypoxic culture conditions, the migration of
LN308 (CXCR4hi) and U87MG (CXCR4hi) cells increased in
the presence of SDF-1� in the lower chamber (P � 0.001)
and decreased as the concentration of SDF-1� increased in
the upper chamber (P � 0.01).

Blocking CXCR4 Expression Inhibits Migration
of LN308 (CXCR4hi) Glioma Cells toward a
SDF-1� Gradient

To further support the concept that CXCR4 expression by
glioma cells potentiates their migration toward SDF-1�,
we tested two separate approaches to block CXCR4
expression in LN308 (CXCR4hi) cells. First we used a
specific CXCR4 inhibitor, AMD3100 (Figure 4A) and sec-
ond we used knockdown of CXCR4 expression using
shRNA expression vectors directed against CXCR4 (Fig-
ure 4B). AMD3100 inhibited the hypoxia- and SDF-1�-
induced migration of LN308 cells compared with control
cultures (P � 0.001). When repeated in the presence or
absence of 10 mmol/L hydroxyurea, which blocks prolif-
eration,24 the effect of AMD3100 on the migration of
LN308 was unchanged (data not shown). When
AMD3100-treated cells were analyzed for annexin V
staining, a marker of early apoptosis,25 no increase in the
number of annexin V-positive cells was observed com-
pared with staurosporine, used as a positive control (data
not shown). Thus, the inhibition of migration by AMD3100
was not because of inhibition of proliferation or induction
of apoptosis. Hypoxic LN308 (CXCR4hi) glioma cells in-
fected with an shRNA vector against CXCR4 specifically
decreased expression of CXCR4 but not of HIF-1� (Fig-
ure 4B). After knockdown of CXCR4 expression, these
cells failed to show increased migration toward SDF-1�
under hypoxic conditions compared with cells infected
with an empty vector (P � 0.001). These experiments
were repeated using two other shRNA sequences pro-
ducing the same results. A representative experiment
obtained with the sequence 5�-CCGGGAGAAGC-
ATGACGGACAAGTACTCGAGTACTTGTCCGTCATGCT-
TCTCTTTTT-3� is shown in Figure 4C.

SDF-1� Induces Phosphorylation of FAK, AKT,
and ERK1/2 in LN308 Glioma Cells

We and others26,27 have shown that FAK overexpression
occurs in invading glioma cells at the edge of GBMs.
Thus, we tested whether exposure of glioma cells to
SDF-1� would induce phosphorylation of FAK and the
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Figure 3. SDF-1� and CXCR4 in LN229, LN308, and U87MG glioma cells. A: CXCR4 expression in LN229, LN308, and U87MG glioma cell lines under normoxic
and hypoxic conditions. The results are representative of two independent experiments. �-Actin was used as loading control. B: Detection of SDF-1� and CXCR4
by immunofluorescence in LN229, LN308, and U87MG glioma cells grown under normoxic and hypoxic conditions. The yellow color results from the overlay of
the counterstaining with propidium iodide (red fluorescence), performed to visualize the nuclei, and the green fluorescence from the SDF-1� or CXCR4
immunoreactivity indicating nuclear translocation under hypoxic conditions. The results are representative of three independent experiments. C: CXCR4
expression in glioma cells and migration toward a SDF-1� gradient. Hypoxia exposure increased the migration of LN229 and LN308 and U87MG glioma cells
compared to normoxic cultures (*P � 0.001). Under both normoxic and hypoxic conditions, the SDF-1� gradient affected the migration of LN308 and U87MG
glioma cells (**P � 0.001). Bar graphs represent data from two independent experiments pooled for statistical analysis. Original magnifications, �40 (B).
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signaling molecules AKT and ERK1/2 in LN308 glioma
cells that demonstrated CXCR4-dependent migration to-
ward SDF-1� (Figure 3C). LN308 glioma cells were ex-
posed to SDF-1� for 15 minutes and analyzed for total
and phosphorylated FAK, AKT, and ERK1/2 by Western blot
analysis. In LN308 glioma cells SDF-1� increased the levels
of expression of phosphorylated FAK, AKT, and ERK1/2,
threefold, twofold, and twofold, respectively, (Figure 4D).
Exposure to SDF-1� in the presence of AMD3100 de-
creased levels of expression of phosphorylated FAK, AKT,
and ERK1/2, 10-, 3-, and 6-fold, respectively.

Discussion

The primary mechanism of spread for GBMs is different
from that of other cancers. Unlike the hematogenous or
lymphatic spread of carcinoma cells from their primary
location to metastatic sites, GBMs invade locally through-
out the brain tissue adjacent to the tumor. This highly
invasive nature of GBMs renders most therapies, includ-
ing radiotherapy and local drug delivery ineffective, re-
sulting in the failure of conventional therapy to control
glioma growth.28 The various patterns of local spread of
GBMs were described by Scherer1 and are known as the
secondary structures of Scherer. These include perineu-
ronal and perivascular satellitosis, subpial spread, and
invasion along white matter tracts. This study was per-
formed because we hypothesized that invasion of glioma
cells at the edge of human GBMs was not random. We

postulated that the SDF-1�/CXCR4 axis was important in
the directional invasion of glioma cells into the neighbor-
ing parenchyma and could represent a molecular basis
for the formation of the secondary structures of Scherer.
To test this hypothesis, we investigated the relative pat-
terns of expression of the SDF-1� ligand and its receptor
CXCR4 at the invading edge of human GBMs using im-
munohistochemistry and in murine gliomas using in situ
hybridization. We then performed in vitro experiments to
validate our in vivo findings.

Our results support the hypothesis that migration of
glioma cells at the edge of GBMs is not random (Figure
5). Hypoxia induces local migration by up-regulating
CXCR4 in glioma cells,5 and by inducing VEGF secretion,
which in turn leads to up-regulation of SDF-1� by neurons
and blood vessels. Therefore, turning on SDF-1� expres-
sion and its secretion from these pre-existing structures
would form a SDF-1� gradient that would attract CXCR4-
positive glioma cells to migrate toward SDF-1�-positive
pre-existing structures, eg, neurons and blood vessels.
Scherer1 called these structures “secondary” because
their formation depended on underlying normal brain struc-
tures, as opposed to “primary” structures, such as pseudo-
palisading cells, necrosis, and microvascular proliferation.
Our report gives new meaning to the designation of these
structures as secondary because they may result, in part,
from the differential expression of SDF-1� and CXCR4 in the
structures and tumor cells, respectively, at the edge of
GBMs inducing local invasion.

Figure 4. Blocking CXCR4 expression inhibits mi-
gration of LN308 (CXCR4hi) glioma cells toward a
SDF-1� gradient. A: Effect of a SDF-1� gradient in
the presence or absence of AMD3100. Hypoxia
exposure significantly increased the migration of
LN308 glioma cells compared to control normoxic
cultures (**P � 0.001). Addition of AMD3100 sig-
nificantly inhibited the migration of LN308 glioma
cells (*P � 0.001). Bar graphs represent data
pooled from three independent experiments for
statistical analysis. B: CXCR4 expression in LN308
glioma cells after knockdown of CXCR4 under
normoxic (N) or hypoxic (H) conditions. The re-
sults are representative of two independent exper-
iments. �-Actin expression was used as a loading
control. C: Effects of knockdown of CXCR4 ex-
pression on the migration of LN308 glioma cells
under normoxic or hypoxic conditions. Knock-
down of CXCR4 expression diminished the hy-
poxia-induced increased migration of LN308 gli-
oma cells (*P � 0.01). Bar graphs represent data
pooled from two independent experiments for
statistical analysis. D: AMD3100 inhibits the SDF-
1�-induced phosphorylation of FAK, AKT, and
ERK1/2 in LN308 glioma cells. Data represent one
of two independent experiments. �-Actin expres-
sion was used as a loading control.
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The subcellular localization of CXCR4 in tumor speci-
mens is variable and has been reported as nuclear,
cytoplasmic, or membranous in a wide variety of can-
cers.4,16–18,29–34 Staining for CXCR4 in hepatocellular,29

human colorectal carcinomas,30 and metastatic melano-
mas31 was primarily cytoplasmic whereas a few cases
showed weak membranous staining. Pancreatic32 and
cervical carcinomas33,34 were found to express variable
membranous staining. In this study we found 20 of 31
GBMs displayed CXCR4 membrane staining. Previously,
we have described differential CXCR4 staining in renal
cell carcinomas and hemangioblastomas in which 8 of 15
renal cell carcinomas and 2 of 22 cases of hemangio-
blastomas showed membranous staining.4

Strong SDF-1� immunoreactivity was observed in neu-
ronal cells and in blood vessels at the edge of GBMs
compared with weak staining of neurons and blood ves-
sels of normal human brain. Similarly, in the mouse
GL261 glioma model, a strong signal for SDF-1� mRNA
was present in neuronal cells and in blood vessels adja-
cent to the invading tumor edge compared with weak
mRNA signal in normal mouse brain. VEGF, a critical
angiogenic factor in gliomas,6 has been reported to up-
regulate SDF-1� in many cell types,22 for example, in
perivascular fibroblasts35 and in U251MG and U87MG
glioma cells.36 Thus, we hypothesized that the increased
expression of SDF-1� at the invasive edge of glial tumors
was potentially linked to VEGF. After exposure of neuro-
nal and endothelial cells to VEGF in vitro, we observed
increased expression of SDF-1� under normoxic condi-
tions by immunofluorescence and flow cytometry. Taken

together, these results implicate the chemokine VEGF in
modulating SDF-1� expression in neurons and blood
vessels that form the basis of two of the secondary struc-
tures of Scherer.

Our hypothesis that the chemoattractant SDF-1� mo-
bilizes the migration of CXCR4-expressing tumor cells
toward the pre-existing structures requires that SDF-1�

be present in neurons and blood vessels before the
tumor cells arrive. In support of this argument, we ob-
served several GBM cases in which SDF-1�-immunopo-
sitive neurons and blood vessels were present without
CXCR4-immunopositive tumor cells surrounding them.
This observation may suggest that some neurons and
blood vessels express SDF-1� before colonization by
CXCR4-positive tumor cells to form the secondary struc-
tures known as perineuronal or perivascular satellitosis.

Previous studies by our group and others have shown
that hypoxia stimulates glioma cell migration in vitro and
invasion in orthotopic glioma models and human gliomas
in vivo.5,37–39 However, the mechanisms of the hypoxia-
mediated invasion in gliomas have not been fully eluci-
dated. We and others have shown that SDF-1� and
CXCR4 are up-regulated in GBMs in vivo.14,15,36,40,41 Our
results, as well as the findings of several others, suggest
that the hypoxia-induced up-regulation of CXCR4 in gli-
oma cells and their responsiveness to a SDF-1� gradient
can potentiate glioma cell invasion.5,36,41 For example,
CXCR4-expressing human and rodent glioma cells dem-
onstrate enhanced invasive capacity as compared to
low-CXCR4-expressing tumor cells in vitro and in vivo.41

Figure 5. Molecular basis for the formation of the secondary structures of Scherer: 1) perineuronal satellitosis, 2) perivascular satellitosis, 3) subpial spread, and 4)
invasion along the white matter tracts. Our immunohistochemical data in clinical specimens show that CXCR4 is expressed in invading glioma cells whereas SDF-1� is
expressed in neurons, blood vessels, subpial regions, and in white matter tracts. Our results support the hypothesis that migration of glioma cells at the edge of GBMs
is not random. Our data in vivo and our findings in vitro suggest that the differential expression of SDF-1� and CXCR4 at the advancing edge of GBMs may lead to the
formation of the secondary structures of Scherer. Hypoxia up-regulates CXCR4 in glioma cells, and induces VEGF release by the tumor (red gradient), which in turn could
be responsible, at least in part, for the overexpression of SDF-1� in pre-existing structures, eg, neuronal cells and angiogenic blood vessels. Therefore, turning on SDF-1�
expression and its secretion from these pre-existing structures, eg, neurons and blood vessels would form a SDF-1� gradient (blue gradient) that would attract
CXCR4-positive glioma cells from the tumor core to migrate into the brain adjacent to tumor.
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Although CXCR4 plays a major role in cell migration,
the effects of hypoxia on migration that we observed in
glioma cells suggested that CXCR4 expression was only
partially responsible for increased chemotaxis. Hypoxia
increased migration of both the low-CXCR4-expressing
(LN229) and high-CXCR4-expressing (LN308 and U87MG)
glioma cells. However, only the LN308 and U87MG
(CXCR4hi) glioma cells migrated in response to a SDF-1�
gradient. The role of CXCR4 in migration was further
supported by blocking CXCR4 expression. Under our
conditions, migration of glioma cells was only partially
inhibited indicating the possibility of a CXCR4-indepen-
dent component of hypoxia-induced migration. For ex-
ample, hypoxia up-regulates the receptor c-met in glioma
cells and the hepatocyte growth factor/c-met pathway is
well-known to play an essential role in glioma cell inva-
sion.42 Other factors have been reported at the edge of
GBMs. For example, stem cell factor, a hypoxia-induced
ligand43 is overexpressed by neurons in regions of the
brain infiltrated by glioma cells.44 Stem cell factor in-
duces release of SDF-1�45 and chemotaxis of cells bear-
ing its cognate receptor, c-kit.46 Although our results
suggest an important role for the SDF-1�/CXCR4 axis
and VEGF in the formation of the secondary structures of
Scherer, they do not exclude other pathways, potentially
hypoxia-induced, that may also play a role in the forma-
tion of these structures.

There is abundant experimental evidence that SDF-1�
stimulates the invasion of CXCR4-positive malignant cells
including ovarian,47 prostate,48 and small cell lung can-
cer cells.49 SDF-1�/CXCR4 interaction has also been
shown to play a role in the growth pattern of optic path-
way glioma.18 CXCR4 is expressed in several embryonic
cell types that all follow a SDF-1� gradient, including
pluripotent stem cells and neural stem cells.50,51 In ad-
dition, CXCR4-expressing neural stem cells, cancer stem
cells, pluripotent stem cells, and glioma cells sense and
migrate toward a SDF-1� gradient.35,50–52 Migration of
CXCR4-expressing cells can be blocked by an anti-CXCR4
monoclonal neutralizing antibody41,53 or by the CXCR4 in-
hibitor, AMD3100.12 For example, the ability of neural stem
cells to target established tumors in the brain can be inhib-
ited by neutralization of CXCR4.52 The effect of a SDF-1�
gradient on glioma cells documented in this study suggests
that the invasive behavior of the glioma cells may corre-
spond to the reacquisition of primitive migratory behavior
occurring during central nervous system embryogenesis.

Treatment of LN308 glioma cells with SDF-1� en-
hanced FAK, AKT, and ERK1/2 phosphorylation. Al-
though similar results have been reported in a variety of
other cancers,23,50,54 to our knowledge, SDF-1�-induced
phosphorylation of FAK in glioma cells has not been
previously reported. Phosphorylated FAK,27 AKT,55 and
ERK1/256 play a critical role in glioma cell migration.
Thus, SDF-1� secretion from pre-existing structures
would induce phosphorylation of these signaling mole-
cules in CXCR4-expressing glioma cells promoting inva-
sion. Other molecular events have been linked to the
effects of SDF-1� on cellular migration, such as in-
creased actin polymerization required for the formation of
stress fiber and pseudopodia that are implicated in cell

migration and invasion.57 Taken together, these findings
suggest that SDF-1�/CXCR4 ligand receptor system ac-
tivates signaling pathways and cellular events known to
be essential for invasion of glioma cells.

This study demonstrates that i) in the human brain,
CXCR4-immunoreactive invading glioma cells were
closely organized around and along SDF-1�-positive
structures; ii) in the mouse brain invading GL261 murine
glioma cells expressing CXCR4 mRNA were closely as-
sociated with neurons, blood vessels, and subpial re-
gions that expressed SDF-1� mRNA in the brain adjacent
to the tumor; iii) VEGF up-regulated SDF-1� expression in
human neuronal and endothelial cells; iv) CXCR4-high-
expressing glioma cells, but not CXCR4-low-expressing
glioma cells, responded to a SDF-1� gradient, a re-
sponse enhanced by hypoxia; v) AMD3100, a selective
CXCR4 inhibitor, or the use of a knockdown approach
directed against CXCR4 decreased the migration of
CXCR4-high-expressing glioma cells toward a SDF-1�
gradient; and vi) SDF-1� treatment of glioma cells in-
creased phosphorylation of FAK, AKT, and ERK1/2,
which was decreased by AMD3100. Taken together, our
studies suggest a biological-based mechanism that may
help explain the formation of the secondary structures of
Scherer. Based on our results, we propose that the hy-
poxia-induced expression of functional CXCR4 by glioma
cells together with the VEGF-induced SDF-1� up-regula-
tion in pre-existing structures at the edge of GBMs may
represent one molecular basis for the well-described
secondary structures of Scherer. Moreover, our results
suggest that inhibiting the SDF-1�/CXCR4 interactions by
small molecule antagonists, such as AMD3100, could
potentially control the invasive behavior of glioma cells,
decrease tumor spread into vital regions of the brain, and
improve the prognosis of patients with malignant gliomas.
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