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Abstract—The formation of edema after traumatic brain in-
jury (TBI) is in part associated with the disruption of the
blood–brain barrier. However, the molecular and cellular
mechanisms underlying these phenomena have not been
fully understood. One possible factor involved in edema for-
mation is vascular endothelial growth factor (VEGF). This
growth factor has previously been demonstrated to increase
the blood–brain barrier permeability to the low molecular
weight markers and macromolecules. In this study, we ana-
lyzed the temporal changes in VEGF expression after TBI in
rats. In the intact brain, VEGF was expressed at relatively low
levels and was found in the cells located close to the cere-
brospinal fluid space. These were the astrocytes located un-
der the ependyma and the pia-glial lining, as well as the
epithelial cells of the choroid plexus. In addition, several
groups of neurons, including those located in the frontopa-
rietal cortex and in all hippocampal regions, were VEGF-
positive. The pattern of VEGF-immunopositive staining of
neurons and choroidal epithelium suggested that in these
cells, VEGF binds to the cell membrane-associated heparan
sulfate proteoglycans. Following TBI, there was an early
(within 4 h post-injury) increase in VEGF expression in the
traumatized parenchyma associated with neutrophilic inva-
sion. The ipsilateral choroid plexus appeared to play a role in
facilitating the migration of neutrophils from blood into the
cerebrospinal fluid space, from where many of these cells
infiltrated the brain parenchyma. VEGF-immunopositive
staining of neutrophils resembled haloes and was found ip-
silaterally within the frontoparietal cortex and around the
velum interpositum, a part of the subarachnoid space. These
haloes likely represent the deposition of neutrophil-derived
VEGF within the extracellular matrix, from where this growth
factor may be gradually released during an early post-trau-

matic period. The maximum number of VEGF-secreting neu-
trophils was observed between 8 h and 1 day after TBI. In
addition, from 4 h post-TBI, there was a progressive increase
in the number of VEGF-immunoreactive astrocytes in the
ipsilateral frontoparietal cortex. The maximum number of as-
trocytes expressing VEGF was observed 4 days after TBI, and
then the levels of astroglial VEGF expression declined grad-
ually. Early invasion of brain parenchyma by VEGF-secreting
neutrophils together with a delayed increase in astrocytic
synthesis of this growth factor correlate with the biphasic
opening of the blood–brain barrier and formation of edema
previously observed after TBI. Therefore, these findings sug-
gest that VEGF plays an important role in promoting the
formation of post-traumatic brain edema. © 2003 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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Vascular endothelial growth factor (VEGF), a potent mito-
gen for vascular endothelial cells, is not only indispensable
to vasculogenesis, as evidenced by vascular abnormalities
and embryonic lethality of VEGF-deficient mice, but is also
critical for angiogenesis associated with reproduction,
wound healing, ischemia, and tumorigenesis (for review,
see Dvorak et al., 1995; Ferrara, 2000; Ferrara et al., 1992;
Robinson and Stringer, 2001). Five major isoforms of hu-
man VEGF exist, with the number of amino acid residues
ranging between 121 and 206 (VEGF121, VEGF145,
VEGF165, VEGF189, and VEGF206). Rodent and bovine
isoforms of VEGF are shorter by one amino acid. Although
VEGF165 is the predominant isoform of VEGF, the tran-
scripts for VEGF121 and VEGF189 are present in the ma-
jority of cells and tissues expressing the VEGF gene. While
all VEGF isoforms contain a hydrophobic signal sequence
directing their secretion through the endoplasmic reticu-
lum–Golgi system, they differ considerably in their bioavail-
ability, which is related to varying heparin-binding proper-
ties of VEGF isoforms. VEGF121 does not bind heparin and
is secreted as a freely diffusible protein (Houck et al., 1991,
1992). VEGF165 is also released into the conditioned me-
dia of transfected cells, but a significant fraction of synthe-
sized proteins is retained within the extracellular matrix
(ECM) and/or bound to the cell surface (Houck et al., 1991,
1992; Park et al., 1993). In contrast, VEGF189 and
VEGF206 are almost completely sequestered within the
ECM and/or tightly bound to the cell surface. Heparin-
binding isoforms of VEGF can be released from their
bound state by heparin or heparinases suggesting that
VEGF binds to the cell membrane- and/or ECM-associated
heparan sulfate proteoglycans (HSPGs). In addition to
being released from their bound state, VEGF189 and
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VEGF206 appear to require enzymatic processing by plas-
min or urokinase-type plasminogen activator to acquire
biological activity (Houck et al., 1992; Plouët et al., 1997).
These different biochemical properties of various VEGF
isoforms may play an important role in the fine-tuned reg-
ulation of biological activity of this growth factor (Carmeliet
et al., 1999; Ruhrberg et al., 2002).

VEGF is frequently referred to as vascular permeability
factor, due to its ability to increase microvascular permeability
to the low molecular weight markers and macromolecules.
This property of VEGF has been well documented by the
observations of vasogenic edema associated with brain tu-
mors expressing VEGF (Berkman et al., 1993; Strugar et al.,
1995). VEGF has also been shown to cause the breakdown
of the blood–retinal barrier in diabetes (Murata et al., 1996;
Qaum et al., 2001) and to promote the formation of edema
after cerebral ischemia (van Bruggen et al., 1999). Available
data suggest that the above VEGF actions are related to a
rapid phosphorylation of several components of the endothe-
lial tight and adherens junction complexes. Among the junc-
tional proteins that are tyrosine-phosphorylated following the
exposure of endothelial cells to VEGF are zonula occlu-
dens-1, VE-cadherin, �-catenin, plakoglobin, and p120 (An-
tonetti et al., 1999; Esser et al., 1998). This growth factor also
induces a rapid phosphorylation of occludin (Antonetti et al.,
1999). Overphosphorylation causes a loss of these proteins
from the endothelial cell junctions (Kevil et al., 1998; Wang et
al., 2001), which, together with VEGF-mediated remodeling
of the actin cytoskeleton into stress fibers (Morales-Ruiz et
al., 2000; Rousseau et al., 2000), may result in the loosening
of cell–cell contacts and increased paracellular permeability.

Traumatic brain injury (TBI) is accompanied by a bi-
phasic opening of the blood–brain barrier (BBB) to mac-
romolecules and by an early and delayed increase in brain
water content (Baskaya et al., 1997; Holmin and
Mathiesen, 1995). However, the molecular and cellular
mechanisms underlying these phenomena have not been
fully understood. Since VEGF is a potential mediator of the
BBB disruption and formation of vasogenic edema, we
sought to analyze the changes in VEGF expression in a rat
model of TBI. Our results demonstrated that not only did
the brain resident cells, such as astrocytes, express in-
creased VEGF levels following TBI, but neutrophils infil-
trating the traumatized parenchyma shortly after the im-
pact also released this growth factor. Considerable
amounts of secreted VEGF were bound to ECM (probably
via the interaction of VEGF with HSPGs), constituting the
interstitial reservoir of VEGF, from which this growth factor
could have been gradually mobilized during an early post-
traumatic period. Accordingly, these findings provide sup-
port for a mediatory role of VEGF in exacerbating the
post-traumatic brain edema.

EXPERIMENTAL PROCEDURES

Reagents and antibodies

ThermoScript ribonuclease (RNase) H� reverse transcriptase,
RNase inhibitor RNaseOut, and RNase-free deoxyribonuclease
(DNase) I were obtained from Invitrogen (Carlsbad, CA, USA).

FastStart TaqDNA polymerase was purchased from Roche Mo-
lecular Biochemicals (Indianapolis, IN, USA). Mixed deoxynucle-
otides (dNTPs) and SYBR Green I were from Amersham Bio-
sciences (Piscataway, NJ, USA) and Molecular Probes (Eugene,
OR, USA), respectively.

The following antibodies to VEGF were employed: polyclonal
rabbit antibody raised against a peptide derived from the N-termi-
nus of human VEGF (A-20; Santa Cruz Biotech, Santa Cruz, CA,
USA) at 0.4 �g/ml and monoclonal mouse antibody (mAb) raised
against recombinant human VEGF121 (clone JH121; Oncogene,
Boston, MA, USA) at 20 �g/ml. Additional mAbs were used as
follows: anti-rat CD31 (clone TLD-3A12), anti-glial fibrillary acidic
protein (GFAP; clone G-A-5), and anti-neuronal nuclei (NeuN;
clone A60) from Chemicon International (Temecula, CA, USA);
anti-rat granulocytes (clone HIS48) from BD Pharmingen (San
Diego, CA, USA); anti-rat CD11b (clone MRC OX-42) from Sero-
tec (Oxford, UK). Anti-NeuN and anti-rat granulocytes mAbs were
used at concentrations of 0.5 and 6 �g/ml, respectively; other
mAbs were applied at a concentration of 2 �g/ml. Polyclonal rabbit
antibody against GFAP (Dako, Carpinteria, CA, USA) was used at
a concentration of 2 �g/ml. Secondary antibodies were purchased
from Molecular Probes. These were goat anti-rabbit and anti-
mouse IgGs conjugated with either Alexa 488 (green fluorophore)
or Alexa 594 (red fluorophore). They were used at a concentration
of 4 �g/ml. Normal goat serum was obtained from Jackson Im-
munoresearch Laboratories (West Grove, PA, USA).

Tissue-Tek OCT Compound and Vectashield mounting me-
dium were from Sakura Finetek (Torrance, CA, USA) and Vector
Laboratories (Burlingame, CA, USA), respectively.

Animals and the TBI model

Adult male Sprague–Dawley rats weighing 280–320 g were pur-
chased from the Charles River Breeding Laboratories (Wilming-
ton, MA, USA). They were kept at 22 °C with a 12-h light cycle and
maintained on standard pelleted rat chow and water ad libitum. All
surgical and animal care procedures were in accordance with the
guidelines of the Animal Care and Use Committee of Rhode Island
Hospital and conformed to international guidelines on the ethical
use of animals. All efforts were made to minimize the number of
animals used and their suffering. Rats were anesthetized intra-
peritoneally with chloral hydrate (450 mg/kg). Rectal temperature
was continuously monitored and maintained at approximately
37 °C. Rats were placed in a stereotaxic frame, and before the
incision, the scalp was infiltrated with 2% lidocaine solution. A
4-mm craniotomy was performed over the right frontoparietal cor-
tex to expose the dura, with the center of the opening located
1.5 mm posterior to bregma and 2.5 mm lateral to the midline. A
weight-drop model originally described by Feeney et al. (1981)
was used to produce TBI. Similar experimental model was em-
ployed more recently to analyze the neutrophil recruitment follow-
ing TBI (Carlos et al., 1997; Schoettle et al., 1990). In the present
study, a 25-g weight was dropped on the intact dura from a height
of 8 cm. The impactor’s diameter was 2.5 mm and the depth of
brain deformation was set at 2.5 mm. Immediately after TBI, the
scalp was closed with a silk suture and the animals were allowed
to recover in their cages. For sham injury, the same surgical
procedures, except the injury, were performed.

Real-time reverse-transcriptase polymerase chain
reaction (RT-PCR)

At 4 and 8 h, and at 1, 2, 4, 6, and 14 days after TBI, rats (four
animals per time point) were reanesthetized with i.p. pentobarbital
sodium (50 mg/kg) and were perfused transcardially with 100 ml of
ice-cold 0.9% NaCl. The samples of the frontoparietal cortex
adjacent to the lesion and those from the contralateral side were
collected. Samples of the frontoparietal cortex from the brains of
the sham-injured rats were collected as well. Total RNA was
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isolated by the acid guanidinium thiocyanate–phenol–chloroform
extraction method (Chomczynski and Sacchi, 1987). Ethanol-pre-
cipitated RNA was resuspended in H2O and stored at �80 °C.
Before the first-strand complementary DNA (cDNA) synthesis,
RNA was treated with RNase-free DNase I for 15 min at room
temperature using 1 U of DNase I. First-strand cDNAs were
synthesized using oligo(dT)20 primer (0.5 �g) and 15 U of Ther-
moScript RNase H� reverse transcriptase. Forty units of RNase
inhibitor RNaseOut were also added to the reverse-transcription
reaction. For each reaction 1 �g of total RNA was used and the
reaction was carried out for 1 h at 50 °C.

The following primers were used: 5�-GGACCCTGGCTT-
TACTGCT-3� (forward primer for VEGF), 5�-TGGCTTTGGTGAG-
GTTTGAT-3� (reverse primer for VEGF), 5�-ACCCCACCGTGT-
TCTTCG-3� (forward primer for cyclophilin A), and 5�-CTTGC-
CATCCAGCCACTC-3� (reverse primer for cyclophilin A). The
primers for VEGF were designed to amplify all VEGF isoforms.
Cyclophilin A was used for normalization of mRNA for VEGF.
The predicted sizes of the PCR products were 313 and 368 bp
for VEGF and cyclophilin A, respectively. Single bands corre-
sponding to these predicted sizes were observed on agarose
gels, and the identity of these PCR products was confirmed by
Southern blotting, as previously described (Chung et al., 2003).
Real-time PCR was performed using the DNA Engine Opticon
System (MJ Research, Waltham, MA, USA). The 50-�l PCR
reaction mixtures contained KCl, (NH4)2SO4, and Tris–HCl, pH
8.3, 50 mM each, 2 mM MgCl2, 0.2 mM mixed dNTPs, 0.2 �M
each primer, 2 U FastStart TaqDNA polymerase, SYBR Green
I diluted 1:100,000, and 1/20 (VEGF) or 1/2000 (cyclophilin A)
of the reverse-transcription reaction product. The reaction mix-
tures were heated to 95 °C for 4 min and then were subjected
to 40 cycles of denaturation (94 °C, 30 s), annealing (59 °C,
30 s), and extension (72 °C, 1 min). The final extension was
carried out at 72 °C for 10 min.

Immunohistochemistry

Rats (two to three animals per time point) were reanesthetized as
described above and were perfused transcardially with ice-cold
0.9% NaCl, followed by ice-cold 4% paraformaldehyde in 0.05 M
phosphate-buffered saline (PBS; pH 7.4). Brains were removed
and postfixed for additional 4 h in the paraformaldehyde/PBS
solution at 4 °C. They were then incubated overnight in 20%
sucrose in PBS and embedded in Tissue-Tek OCT Compound.
The coronal brain sections were cut on a cryostat at 10 �m. For
confocal microscopy, brains were postfixed overnight and coronal
sections were cut on a vibratome at 50 �m.

Immunohistochemical procedures were performed at room
temperature, except for the incubation with primary antibodies that
was completed at 4 °C. All incubations were performed in PBS
containing 0.5% of bovine serum albumin (BSA) and 0.2% (cryo-
stat sections) or 0.5% (free-floating vibratome sections) of Triton
X-100 (TX-100). For washes, PBS containing 0.1% BSA and 0.1%
TX-100 was used. To decrease a non-specific staining, the sec-
tions were incubated for 30 min with 10% normal goat serum. Four
percent of normal goat serum was also included when the spec-
imens were incubated with primary or secondary antibodies. Fol-
lowing the initial blocking step, the sections were incubated with
primary antibodies overnight (cryostat sections) or for 48 h (free-
floating vibratome sections). Six 10-min washes were then per-
formed and the sections were incubated for 1 h with secondary
antibodies. After four 10-min washes, the sections were mounted
with Vectashield mounting medium. The specimens were viewed
with either a conventional fluorescence microscope (Olympus
BH2-RFCA) or a Nikon PCM2000 confocal laser-scanning
microscope.

Statistical analysis

The results of real-time RT-PCR are presented as mean number
of copies of mRNA for VEGF per 100 copies of cyclophilin A
mRNA�S.E.M. For statistical evaluation of data, analysis of vari-
ance was used, followed by the Newman-Keuls test for multiple
comparisons among means. P�0.05 was considered statistically
significant.

RESULTS

Real-time RT-PCR

The real-time RT-PCR analysis of changes in mRNA for
VEGF in the ipsilateral frontoparietal cortex adjacent to the
impact area demonstrated that at 4 and 8 h post-TBI there
was a significant increase in the number of transcripts,
compared with the contralateral hemisphere or the sham-
injured rats (Fig. 1). The elevated levels of VEGF mRNA
were also found 1 day after TBI; however, this change in
the expression of VEGF did not attain statistical signifi-
cance. This increase in the message appeared to precede
the up-regulation of VEGF expression at the protein level
(see below). The expression of message for VEGF in the
frontoparietal cortex contralateral to injury or in the brains
of the sham-injured animals did not change at any time
point following TBI (Fig. 1).

Immunohistochemistry

Expression of VEGF in the intact brain. Two anti-
VEGF antibodies were used. These were mAb JH121
raised against recombinant human VEGF121 and poly-
clonal rabbit antibody A-20 recognizing the N-terminal part
of human VEGF. Clone JH121 has previously been re-
ported to cross-react with VEGF120, VEGF164, and
VEGF188 of mouse origin (Grunstein et al., 2000). Antibody
A-20 recognizes recombinant mouse VEGF120 and
VEGF164, and human VEGF121 and VEGF165 on immuno-
blots (data not shown). These two antibodies also recog-

Fig. 1. Real-time RT-PCR analysis of the changes in expression of
VEGF after TBI. The changes in VEGF mRNA in the ipsilateral fron-
toparietal cortex adjacent to the impact area (Ipsi Cx), as compared
with those in the contralateral cortex (Contra Cx) and in the cortex from
the sham-injured brains (Sham Cx), were analyzed. The number of
copies of transcripts for VEGF relative to the message for cyclophilin
A (Cycl-A) is shown. * P�0.05, ** P�0.01 for Ipsi Cx vs. Contra Cx.
† P�0.05, †† P�0.01 for Ipsi Cx vs. Sham Cx.
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nize recombinant rat VEGF164 (Fig. 2). In the present
study, VEGF-immunopositive staining obtained with mAb
JH121 was solely cytosolic, whereas antibody A-20 ap-
peared to preferably recognize the VEGF bound to the cell
membrane- and ECM-associated HSPGs.

In the intact brain, VEGF was expressed at relatively
low levels compared with the injured brain. With mAb
JH121, VEGF was detected in the cytoplasm of astrocytic
cell bodies and processes located close to the cerebrospi-
nal fluid (CSF) space, i.e. under the ependyma of the
lateral (Fig. 3A) and 3rd (Fig. 3C) ventricles, as well as
within and below the pia-glial lining of the frontoparietal
cortex (Fig. 3B). VEGF-immunopositive astrocytic pro-
cesses were frequently associated with the pial blood ves-
sels penetrating the brain parenchyma (Fig. 3B, D). The
astrocytic origin of this VEGF-immunoreactive product and
its cytosolic localization was confirmed by a double stain-
ing with mAb JH121 and anti-GFAP polyclonal antibody
(Fig. 3D), and the lack of co-localization of VEGF with von
Willebrand factor, an endothelial marker (data not shown).
VEGF-immunoreactive astrocytes were also localized
around the velum interpositum (Fig. 3C), a part of the
subarachnoid space running medially along the roof of the
3rd ventricle and laterally between the hippocampus and
the thalamus. In the intact brain, astrocytes were only
sporadically stained with antibody A-20.

Unlike astrocytes, the choroid plexus epithelium was
strongly stained with antibody A-20 (Fig. 4A). VEGF-im-
munopositive product was localized to the apical (CSF-
facing) plasma membrane domain of epithelial cells, sug-
gesting that VEGF binds to the cell membrane-associated
HSPGs. This staining was completely eliminated when the
primary antibody had been pre-absorbed with the antigenic
peptide (Fig. 4A). In contrast to antibody A-20, clone
JH121 did not stain choroidal epithelium (Fig. 3A).

In the intact brain, the most conspicuous VEGF-immu-
nopositive staining obtained with antibody A-20 was asso-
ciated with several groups of neurons, including those
located in layers 2–6 of the frontoparietal cortex (Fig. 4B,
C) and in all hippocampal regions (not shown). The pattern
of neuronal staining implicated the binding of VEGF to
HSPGs on the surface of neuronal cell bodies and axons
(Fig. 4C). It is likely that the neuronal HSPG to which
VEGF binds is glypican-1. This possibility is supported by
the previous demonstration of neuronal expression of
glypican-1 (Litwack et al., 1994) and of interaction of this
HSPG with VEGF (Gengrinovitch et al., 1999). Neuronal
localization of VEGF was confirmed by co-staining with
anti-NeuN mAb (Fig. 4C). Similar to the choroid plexus
epithelium, neurons were not stained with mAb JH121,
suggesting that in these cells VEGF is produced constitu-
tively at low levels.

While cerebral capillaries in intact animals were nega-
tive for VEGF, the larger parenchymal blood vessels pos-
sessing muscular coat occasionally stained for VEGF with
antibody A-20. In these latter blood vessels, VEGF-immu-
noreactive product did not co-localize with endothelial
marker CD31, but rather appeared to be associated with
smooth muscles (Fig. 4D).

The changes in expression of VEGF after TBI. The
changes in VEGF expression following TBI were analyzed
in the coronal brain sections cut at the level of septum,
0–1 mm posterior to bregma, and at the hippocampal
level, 2.5–3.5 mm posterior to bregma. Fig. 5 illustrates
schematically the areas of injury that mostly involved the
frontoparietal cortex. As early as 4 h after TBI, an intriguing
pattern of VEGF-immunopositive staining resembling ha-
loes was obtained with antibody A-20. In contrast, the
haloes were not seen in the brain sections stained with
clone JH121 (not shown). Generally, the haloes were
found ipsilaterally in the frontoparietal cortex in the vicinity
of the lesion area and around the velum interpositum (Fig.
5). Very few or no haloes were observed in the contralat-
eral hemisphere (Fig. 5).

To determine the cellular origin of VEGF-positive ha-
loes in the injured brain, the cell-type specific mAbs were
used. The relatively small size of the haloes and their
rounded shape suggested that they are associated with
blood-derived leukocytes. Indeed, the majority of haloes
were associated with rounded cells that also stained for
CD11b antigen, which was revealed with mAb OX-42 (Fig.
6A). The CD11b antigen is expressed on a number of cells,
including microglia, neutrophils, and monocytes/macro-
phages. In comparison, the haloes were only sporadically

Fig. 2. The cross-reactivity analysis of clone JH121 and antibody A20
with rat VEGF isoform VEGF164. Recombinant rat VEGF164 (300 ng;
R&D Systems, Minneapolis, MN, USA) was immunoprecipitated with
clone JH121 and antibody A20 (1 and 5 �g, respectively) and recov-
ered immune complexes were resolved via a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis under non-reducing conditions.
The nitrocellulose membranes were immunoblotted with polyclonal
goat anti-rat VEGF164 antibody (R&D Systems). Standard is 50 ng of
VEGF164.
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associated with the cells that were co-stained with mAb
OX-6 (data not shown). This mAb recognizes class II major
histocompatibility complex molecules that are expressed
on macrophages and B cells. These observations sug-
gested therefore that the haloes were associated with
neutrophils, which was supported by immunopositive
staining with anti-granulocyte mAb (Fig. 6B, C) and the
time-course of changes in the number of haloes (see be-
low) that corresponded to neutrophilic invasion of brain
parenchyma previously found after TBI (Soares et al.,
1995). Confocal microscopy analysis revealed that unlike
neurons and choroidal epithelial cells in which VEGF ap-
peared to be bound to the cell membrane-associated
HSPGs, the neutrophils were encircled by VEGF-immuno-
reactive haloes (Fig. 6C). The cytoplasm of invading neu-
trophils was frequently negative for VEGF. Therefore,
these haloes may represent the neutrophil-derived VEGF

that is released and then sequestered within the ECM due
to the binding of this growth factor to HSPGs.

Many of VEGF-secreting neutrophils found in the brain
parenchyma appeared to migrate from CSF (Fig. 6A). A
large number of these polymorphonuclear leukocytes
(PMNs) accumulated ipsilaterally within the subarachnoid
space above the frontoparietal cortex (Figs. 6A, 7A) and
within the velum interpositum (Fig. 7E). Significant num-
bers of PMNs were also found in the choroid plexus of the
lateral ventricle ipsilateral to the side of injury (Fig. 8B, C),
which confirmed the previous observations by Carlos et al.
(1997). However, no VEGF-immunopositive haloes were
noted in this choroid plexus. Neutrophils were not present
in the contralateral choroidal tissue (Fig. 8A). These ob-
servations suggest therefore that the choroid plexus plays
a role in facilitating the migration of neutrophils across the
blood–CSF barrier.

Fig. 3. Immunohistochemical localization of VEGF in the intact brain revealed with mAb JH121. The coronal brain section cut at the level of septum,
0–1 mm posterior to bregma. The microphotograph shows VEGF-immunopositive cytoplasmic staining of astrocytic processes located under the
ependyma of the lateral ventricle (LV) (A). Note that the choroid plexus (CP) epithelium is not stained with clone JH121. The same brain section (B).
VEGF-immunoreactive astrocytes are located within and below the pia-glial lining of the frontoparietal cortex. The microphotograph also shows the
astrocytic processes associated with the pial blood vessel (BV) penetrating the brain parenchyma. SAS is the subarachnoid space. The coronal brain
section cut at the hippocampal level, 2.5–3.5 mm posterior to bregma (C). The microphotograph shows astrocytic processes immunoreactive for VEGF
located around the velum interpositum (arrowheads). Velum interpositum is a part of the SAS running medially along the roof of the 3rd ventricle (3rdV)
and laterally between the hippocampus and the thalamus. Double staining with mAb JH121 and anti-GFAP antibody examined with confocal
microscopy (D). Consecutive optical sections through the brain tissue were acquired at 1-�m intervals and were projected into one image. The
co-localization of immunoreactive products for VEGF and GFAP confirmed the astroglial expression of VEGF and its cytosolic distribution. Scale
bars	50 �m (A–C), 10 �m (D).

A. Chodobski et al. / Neuroscience 122 (2003) 853–867 857



The haloes in the traumatized brain parenchyma were
most conspicuous between 8 h and 1 day post-injury (Fig.
7A, E) and then their number gradually decreased, with
only a few haloes being present between 2 and 4 days
after TBI (Fig. 7H). This time-course of changes in the

number of haloes correlated with the previously character-
ized kinetics of neutrophilic invasion following TBI (Soares
et al., 1995). The haloes were found only sporadically in
the contralateral hemisphere or in the brains of the sham-
injured rats (Fig. 7B, C, F, G). The staining was abolished

Fig. 4. Immunohistochemical localization of VEGF in the intact brain obtained with antibody A-20. Confocal microscopy images of the choroid plexus
epithelium (A). The choroid plexus of the lateral ventricle was analyzed. Propidium iodide (PI) that binds nucleic acids was added to the mounting
medium to visualize the nuclei and the cytoplasm of epithelial cells. The pattern of VEGF-immunopositive staining suggests that this growth factor
binds to the cell membrane-associated HSPGs. Inset shows the control experiment in which the brain section was incubated with antibody A-20 that
had been preabsorbed overnight with the N-terminal peptide fragment of VEGF (100 �g/ml). Pyramidal neurons in the frontoparietal cortex positively
stained with antibody A-20 (B). Confocal microscopy images of pyramidal neurons co-stained with anti-VEGF and anti-NeuN antibodies (C). Note that
the neuronal cytoplasm is also stained with anti-NeuN mAb. The pattern of VEGF-immunostaining is similar to that found for choroidal epithelium,
suggesting the binding of VEGF to HSPGs on the surface of neuronal cell bodies and axons. Confocal microscopy images of parenchymal blood
vessel (D). The pattern of VEGF-immunoreactive staining and the lack of its co-localization with endothelial marker CD31 suggest that VEGF is
associated with smooth muscle cells. Scale bars	10 �m (A, C, D), 50 �m (B), 100 �m (inset in A).
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when the primary antibody had been pre-absorbed with the
antigenic peptide (Fig. 7D).

Some haloes, especially 8 h after TBI, were identified
to be associated with the large- and small-diameter blood
vessels (Fig. 9A–C), with immunoreactive VEGF likely be-
ing secreted by smooth muscles and endothelial cells,
respectively, and then sequestered within the ECM due to
the binding of VEGF to HSPGs.

Starting at 4 h post-TBI, there was also a progressive
increase in expression of VEGF in cortical astrocytes sur-
rounding the lesion area, which was observed with mAb
JH121. Increased astrocytic expression of VEGF was also
noted in the ipsilateral, and to some extent, contralateral
corpus callosum (data not shown). The number of astro-
cytes expressing VEGF peaked at 4 days after TBI (Fig.
10A) and then the levels of astrocytic VEGF expression
declined gradually. In contrast to the traumatized hemi-
sphere, in the frontoparietal cortex contralateral to injury,
there was a limited astrocytic activation and only a slight
increase in VEGF expression (Fig. 10B). The levels of
astrocytic VEGF expression in the sham-injured rats were
similar to those observed in the intact animals (Fig. 10C).

The expression of VEGF in astrocytes was confirmed
by double staining with clone JH121 and polyclonal anti-
GFAP antibody (Fig. 10D). VEGF-immunopositive astro-
cytes in the cerebral cortex adjacent to the lesion area
were of reactive, hypertrophic type, with increased levels
of GFAP expression (Fig. 10D, E). Unlike the astroglia in
the intact brain, the astrocytes in the traumatized cortex
were also stained with antibody A-20. However, the pattern
of staining obtained with this antibody differed from that
found with mAb JH121. While VEGF-immunoreactive
product revealed with clone JH121 was localized to the
astrocytic cytoplasm (Fig. 10D), the staining obtained with
antibody A-20 suggested the binding of VEGF to HSPGs
associated with the astrocytic plasma membrane (Fig.
10E). This resembled the pattern of VEGF-immunopositive
staining found for the choroidal epithelium and neurons
(see Fig. 4A, C). The astrocytic staining obtained with
antibody A-20 was abolished when this antibody had been
pre-absorbed with the antigenic peptide (Fig. 10F). In con-
trast to astrocytes, the neuronal VEGF expression did not
appear to change after the injury.

DISCUSSION

The up-regulation of VEGF expression was previously ob-
served in various rodent models of brain injury, in which it
was implicated as an important mediator of the disruption
of the BBB and formation of vasogenic edema. These
models included cortical cold lesion and stab wound, as
well as transient and permanent ischemia (Hayashi et al.,
1997; Kovács et al., 1996; Lennmyr et al., 1998; Nag et al.,
1997, 2002; Papavassiliou et al., 1997; Pichiule et al.,
1999). An augmented VEGF synthesis following ischemic
stroke has also been noted in the human brain tissue (Issa
et al., 1999). In the present experiments in which the rat
TBI model was studied, an early increase in cortical VEGF
expression after injury was found to be associated with
neutrophilic invasion. Early migration of VEGF-positive
PMNs into the cold-lesioned cortex has also been recently
reported (Nag et al., 1997). Previous observations indi-
cated that the recruitment of neutrophils to the traumatized
parenchyma correlates with increased permeability of the
BBB to macromolecules and an accumulation of water in
the injured tissue (Schoettle et al., 1990; Soares et al.,
1995; Whalen et al., 2000). Accordingly, VEGF derived
from invading neutrophils may play an important role in the
opening of the BBB and promoting the formation of edema
after TBI.

VEGF-immunopositive product associated with neutro-
phils appeared as haloes surrounding these cells, suggest-
ing that VEGF secreted by activated PMNs is deposited in
the ECM, presumably, due to the binding of this growth
factor to HSPGs. The idea of VEGF secretion from PMNs
infiltrating the injured parenchyma is supported by the
previous studies showing that in neutrophils, VEGF is
stored in granules, from which it can be readily released by
the activators of neutrophilic degranulation (Gaudry et al.,
1997). Based on the mRNA analysis of isolated neutrophils
(Webb et al., 1998), VEGF-immunoreactive haloes likely

Fig. 5. Schematic illustration of injured areas. This figure shows the
distribution of VEGF-immunopositive haloes revealed with antibody
A-20 at 8 h to 1 day after TBI. The coronal brain section cut at the level
of septum, 0–1 mm posterior to bregma (A). CL is the area of cortical
lesion. The majority of haloes were found in the vicinity of the CL in the
frontoparietal cortex ipsilateral to injury. The coronal brain section cut
at the hippocampal level, 2.5–3.5 mm posterior to bregma (B). Haloes
are located ipsilaterally in the frontoparietal cortex and around the
velum interpositum (marked with arrowheads in the contralateral hemi-
sphere). LV and 3rdV are the lateral and 3rd ventricles, respectively.
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Fig. 6. Neutrophilic secretion of VEGF and the deposition of this growth factor in the ECM. Confocal microscopy images of neutrophils gathering within
the subarachnoid space (SAS) and invading the adjacent brain parenchyma 8 h after the injury (A). Double immunostaining for VEGF (antibody A-20)
and CD11b (clone OX-42) is shown. The CD11b antigen is expressed on a number of cells, including neutrophils, monocytes/macrophages, and
microglia. Here neutrophils are readily discernible because of their polymorphonuclear appearance. VEGF-immunoreactive haloes surrounding
neutrophils likely represent the growth factor released from these cells and subsequently sequestered within the ECM due to the VEGF binding to
HSPGs. Arrows indicate the neutrophil migrating into the brain parenchyma from the SAS. Note that upon parenchymal invasion neutrophilic release
of VEGF occurs. Double immunostaining with antibody A-20 and anti-granulocyte-specific antigen (GSA) monoclonal antibody (clone HIS48) confirms
the neutrophilic origin of VEGF-immunoreactive haloes (B). A stack of consecutive optical sections projected into one image shows VEGF-secreting
neutrophils that invade the traumatized cortex 8 h after the injury. Confocal microscopy images of neutrophils in B shown at the level of their nuclei
(C). Note that unlike neurons and choroidal epithelial cells in which VEGF appears to be bound to the cell membrane-associated HSPGs, the
neutrophils are encircled by VEGF-immunoreactive haloes. The cytoplasm of neutrophils invading the injured parenchyma is frequently negative for
VEGF, possibly because of neutrophilic degranulation and release of VEGF. Scale bars	10 �m.
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Fig. 7. Immunolocalization of VEGF-secreting neutrophils in the injured brain with antibody A-20. Double immunostaining for VEGF and CD11b of the
ipsilateral frontoparietal cortex adjacent to the lesion area 8 h after the injury (A). The staining was performed on a coronal brain section cut at the level
of septum. The overlay of immunostaining for VEGF and CD11b clearly demonstrates that VEGF-immunoreactive haloes found in the brain
parenchyma are associated with invading neutrophils. Large numbers of these cells accumulate in the subarachnoid space (SAS); however, the
neutrophilic degranulation and VEGF release appear to take place in the brain parenchyma. Note that in addition to neutrophils, anti-CD11b antibody
stains cortical microglia. The contralateral side (B) and the frontoparietal cortex from the brain of the sham-injured rat (C), where the VEGF-
immunoreactive haloes were found only sporadically. Control experiment in which the brain section was incubated with the peptide-preabsorbed
antibody (for further details, see the legend to Fig. 4) (D). Double immunostaining for VEGF and CD11b performed on a coronal brain section cut at
the hippocampal level (E). An area surrounding the velum interpositum (VI), a part of the SAS, 1 day after the injury is shown. Note that many
neutrophils are present within the VI. The overlay of immunostaining for VEGF and CD11b shows that VEGF-immunoreactive haloes are associated
with neutrophils invading the traumatized parenchyma. Similar area in the contralateral hemisphere (F) and the sham-injured brain (G). An area
surrounding the VI 2 days after the impact (H). Only a few or no VEGF-immunopositive haloes were found in the ipsilateral parenchyma at 2–4 days
following the injury. Ipsi and Contra are the sides ipsilateral and contralateral to injury, respectively. Sham is the sham-injured brain. Scale
bar	100 �m.
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represent VEGF164. The message for the higher molecular
weight isoforms of VEGF has not been detected in neutro-
phils (Webb et al., 1998).

Unlike neurons and the choroid plexus epithelium in
which VEGF appeared to be bound to the cell membrane-
associated HSPGs, neutrophils did not retain VEGF on
their surface, even though HSPGs, such as syndecan-4,
are expressed on isolated PMNs (Kaneider et al., 2001).
This could be associated with the loss of the cell surface
HSPGs when neutrophils infiltrated the brain parenchyma.
Indeed, syndecan-1 and syndecan-4 considerably reduce
the motility and invasiveness of leukocytes (Liu et al.,

1998), and the regulated shedding of ectodomains of these
HSPGs by thrombin, plasmin, and the members of the
epidermal growth factor family has been reported (Subra-
manian et al., 1997). Alternatively, heparanase produced
by PMNs (Matzner et al., 1992; Mollinedo et al., 1997)
could release the VEGF bound to the cell membrane-
associated HSPGs. Neutrophil-derived heparanase may
also mobilize the VEGF sequestered within the ECM and
consequently increase the interstitial levels of this growth
factor. In this context, it is interesting to note that VEGF
stimulates endothelial synthesis of interleukin-8, a potent
chemotactic factor for neutrophils, and up-regulates endo-

Fig. 8. Neutrophilic accumulation in the choroid plexus 1 day after the injury. Choroid plexus of the lateral ventricle contralateral to injury (A). Double
immunostaining for VEGF (antibody A-20) and CD11b (clone OX-42) is shown. Note the presence of CD11b-positive cells that are the resident
choroidal macrophages. Many of these macrophages are in contact with the apical surface of choroidal epithelium, and are therefore referred to as
epiplexus cells. Accumulation of large numbers of CD11b-positive cells in choroidal tissue ipsilateral to the side of impact (B). Double immunostaining
with antibody A-20 and anti-granulocyte-specific antigen (GSA) monoclonal antibody (clone HIS48) confirms that the CD11b-positive cells invading the
choroid plexus in the traumatized hemisphere are neutrophils (C). Note that in contrast to the injured parenchyma (see Fig. 7), the VEGF-
immunopositive haloes surrounding neutrophils are not present in choroidal tissue. These observations suggest that the choroid plexus plays a role
in facilitating the migration of neutrophils across the blood–CSF barrier. Scale bars	10 �m.
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thelial expression of cell-adhesion molecules, which re-
sults in increased adhesion and transendothelial migration
of PMNs (Lee et al., 2002; Zhang and Issekutz, 2001).
Neutrophil-derived VEGF may therefore accelerate the re-
cruitment of new PMNs to the injured parenchyma.

At present, it is unclear which factors stimulate release
of VEGF from PMNs infiltrating the injured parenchyma.
One possible secretagogue of neutrophilic VEGF is tumor
necrosis factor-� (TNF-�). This cytokine is a potent acti-
vator of neutrophilic synthesis and secretion of VEGF

(Gaudry et al., 1997; Scapini et al., 1999). Interestingly,
prolonged, TNF-�-mediated up-regulation of VEGF mRNA
in PMNs does not appear to be followed by increased de
novo synthesis and release of VEGF protein (Scapini et al.,
1999). In TBI, the message and protein for TNF-� are
increased rapidly (within 1 h) following the impact, predom-
inantly in cortical neurons (Fan et al., 1996; Knoblach et
al., 1999; Taupin et al., 1993). However, the up-regulation
of TNF-� expression is rather transient, and within 24 h
TNF-� levels in the traumatized hemisphere do not differ

Fig. 9. VEGF-immunoreactive haloes associated with parenchymal blood vessels. Confocal microscopy images of blood vessels in the ipsilateral
frontoparietal cortex adjacent to the lesion area 8 h after the impact. Double immunostaining for VEGF (antibody A-20) and CD31, an endothelial
marker, is shown. The large- (arrowheads) and small-diameter (arrows) blood vessels, with immunoreactive VEGF being secreted by smooth muscles
and endothelial cells, respectively, and then sequestered within the ECM due to the binding of VEGF to HSPGs (A). Higher magnification images of
the large-diameter vessel (B) and the capillary (C) surrounded by VEGF-immunopositive haloes. Scale bars	20 �m (A), 10 �m (B, C).
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Fig. 10. Astrocytic expression of VEGF 4 days after the injury. The frontoparietal cortex ipsilateral to injury (A). An area adjacent to the lesion core
in the coronal brain section cut at the level of septum is shown. The microphotograph demonstrates VEGF-immunopositive staining of astrocytic cell
bodies and processes obtained with clone JH121. The contralateral side (B) and the frontoparietal cortex from the brain of the sham-injured rat (C).
Note a limited increase in VEGF expression in the contralateral cortex compared with the levels of astrocytic VEGF expression in the sham-injured
animals. Double immunostaining for VEGF (clone JH121) and GFAP, confirming astroglial VEGF expression (D). Confocal microscopy images of the
cerebral cortex adjacent to the lesion area show reactive, hypertrophic astrocytes, with increased levels of GFAP expression. Confocal microscopy
images of astrocytes co-stained with antibody A-20 and anti-GFAP monoclonal antibody (E). The cortical area similar to that in D is shown. Unlike the
astroglia in the intact brain, the astrocytes in the traumatized cortex were also stained with antibody A-20. Note that the pattern of staining obtained
with this antibody differs from that found with clone JH121. The staining obtained with antibody A-20 suggests the binding of VEGF to HSPGs
associated with the astrocytic cell membrane, which resembles the pattern of VEGF-immunopositive staining found for choroidal epithelium and
neurons (see Fig. 4A and C). Control experiment in which the brain section was incubated with antibody A-20 that had been preabsorbed with the
antigenic peptide (for further details, see the legend to Fig. 4) (F). Scale bars	100 �m (A–C), 10 �m (D, E), 50 �m (F).
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from those found in the brains of the sham-injured rats.
This time-course of changes in TNF-� expression after TBI
correlates with the changes in the number of VEGF-se-
creting PMNs that migrate into the brain parenchyma.
Indeed, the maximum number of haloes associated with
invading neutrophils was observed between 8 h and 1 day
after TBI, with a considerably lower number of haloes
found at 2 days post-injury (see Fig. 7A, E, H). A delayed
(4–6 days post-TBI) increase in astrocytic TNF-� mRNA
and protein expression has also been reported to occur in
the injured brain (Holmin et al., 1997). These latter obser-
vations suggest that in addition to promoting VEGF release
from PMNs, TNF-� may play a role in up-regulating the
expression of astrocytic VEGF following TBI (see below).

Many of the VEGF-secreting neutrophils invading the
traumatized parenchyma appeared to migrate from the
subarachnoid CSF space, where the large numbers of
PMNs accumulated (see Fig. 6A). Significant numbers of
PMNs were also found in the choroid plexus of the lateral
ventricle ipsilateral to the side of injury. However, no
VEGF-immunoreactive haloes associated with PMNs were
found in this tissue, indicating that unlike the brain paren-
chyma, the choroid plexus did not produce the factors
promoting neutrophilic degranulation. These observations
suggest therefore that the choroid plexus plays a role in
facilitating the migration of neutrophils into CSF. Similar to
TBI, the choroidal and meningeal accumulation of PMNs
has been demonstrated following intracerebral or intrathe-
cal injection of TNF-� and interleukin-1� (IL-1�) (Anders-
son et al., 1992; Ramilo et al., 1990). Since the expression
of TNF-� and IL-1� is increased after TBI (Fan et al., 1995,
1996; Kinoshita et al., 2002; Knoblach et al., 1999; Taupin
et al., 1993), these cytokines likely stimulate the migration
of neutrophils from blood into the subarachnoid CSF
space, from where these cells can invade the injured
parenchyma.

In addition to infiltrating neutrophils secreting VEGF,
from 4 h post-TBI, there was a progressive increase in the
number of VEGF-immunopositive astrocytes in the fronto-
parietal cortex ipsilateral to the side of injury. This increase
in VEGF protein expression appeared to result from an
increase in VEGF mRNA, which was noted as early as 4 h
post-TBI. The maximum number of astrocytes expressing
VEGF was observed 4 days after TBI. This coincided with
normal message levels for VEGF, suggesting that at later
time points following TBI, the expression of VEGF is up
regulated at the translational level. Similar time-courses of
changes in astroglial expression of VEGF have previously
been observed in the stab-wound and cold-lesion models
of brain injury (Nag et al., 1997; Papavassiliou et al., 1997).
Interestingly, in activated VEGF-positive astrocytes this
growth factor was not only localized to the cytoplasm, but
also appeared to bind to the cell membrane-associated
HSPGs. These findings are consistent with the recently
reported increase in the expression of syndecan-1-4 in
astrocytes following a brain injury (Iseki et al., 2002), and
the ability of syndecan-2 to bind VEGF (Clasper et al.,
1999).

Early invasion of brain parenchyma by VEGF-secreting
neutrophils together with a delayed increase in astrocytic
synthesis of this growth factor correlate with the biphasic
opening of the BBB and an accumulation of water in the
injured brain tissue (Baskaya et al., 1997; Holmin and
Mathiesen, 1995). Our observations suggest therefore that
VEGF plays an important role in promoting the formation of
post-traumatic brain edema.
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