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Abstract
Objective—Brain arteriovenous malformations (AVM) have high MMP-9, IL-6 and MPO
expression, and polymorphic variations in inflammatory genes are associated with increased risk of
hemorrhage. In this study, we characterized the presence of inflammatory cells in AVM lesional
tissues.

Methods—Immunohistochemistry was used to identify and localize neutrophils (MPO as marker),
macrophages/microglia (CD68 as marker), T lymphocytes (CD3 as marker), and B lymphocytes
(CD20 as marker). Endothelial cell (EC) marker CD31 was used as an index to assess vascular mass
(EC mass). Surgical specimens from 20 unruptured, non-embolized AVMs were examined; seven
cortical samples from temporal lobectomy were used as controls. Positive signals for inflammatory
cell markers were counted and analyzed by normalizing to the area of the tissue section and the
amount of endothelial cells (cells/mm2/EC mass pixels). Levels of MPO and MMP-9 were
determined by ELISA.

Results—Neutrophils and macrophages are all frequently identified in the vascular wall of AVM
tissues. In contrast, T and B lymphocytes are rarely observed in AVM tissues. AVM tissues displayed
more neutrophil and macrophage/microglia markers than epilepsy control tissues (MPO: 434 ± 333
vs 5 ± 4, P=0.0001; CD68: 454 ± 404 vs 4 ± 2, P=0.0001; cells/mm2/EC mass pixels). In ex vivo
studies, neutrophil quantity, MPO, and MMP-9 levels were all co-linear(R2=0.98–0.99).

Conclusion—Our study demonstrates that inflammatory cells are present in AVM tissues. Taken
together with prior genetic and cytokine studies, these data are consistent with a novel view that
inflammation is associated with AVM disease progression and rupture.

Keywords
CD68; inflammation; myeloperoxidase; vascular malformations

Correspondence: William L. Young, M.D., University of California, San Francisco, Department of Anesthesia and Perioperative Care,
1001 Potrero Avenue, Rm. 3C-38, San Francisco, CA 94110, Phone: 415-206-8906; Fax: 415-206-8907, Email: ccr@anesthesia.ucsf.edu.

NIH Public Access
Author Manuscript
Neurosurgery. Author manuscript; available in PMC 2009 June 1.

Published in final edited form as:
Neurosurgery. 2008 June ; 62(6): 1340–1350. doi:10.1227/01.neu.0000333306.64683.b5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Background
Brain arteriovenous malformations (AVM) are complexes of tortuous, tangled vessels
representing fistulous connections between arteries and veins lacking a capillary bed (8,16).
These vascular lesions are characterized by a phenotype of excessive angiogenesis and vascular
remodeling. The primary clinical implication of AVM is recurrent spontaneous intracranial
hemorrhage. The pathophysiology underlying brain AVM is not clearly understood and there
is a presumption, with only circumstantial evidence, that they are primarily congenital, static
lesions (47).

Our general hypothesis is that inflammation is involved in the clinical course of the disease
state, if not the pathogenesis of the lesion. This view is based on several lines of evidence. We
previously found an association between promoter polymorphisms in inflammatory cytokine
genes and AVM intracranial hemorrhage (ICH) risk; TNF-α was associated with increased risk
of new ICH in the natural course of AVMs (1), and IL-6 was associated with presenting ICH
(37). We have also demonstrated that brain AVM tissues displayed increased inflammatory
markers compared to control tissues by biochemical methods (6,7). There is a precedent in that
intracranial aneurysms, even if unruptured, have an inflammatory component to the phenotype
(10,17).

In order to provide further evidence that inflammation and leukocyte participation is associated
with the phenotype of the disease, we present several lines of additional evidence. We examined
unruptured tissue specimens in patients that had not undergone pre-surgical embolization, two
potential confounders that might increase the level of inflammatory infiltrates in the lesional
tissue. We used immunocytochemistry to characterize leukocyte infiltrates. To further explain
our previous observations (6,7), we demonstrate a linear relationship between leukocyte
quantity and MPO expression. Because intra- or extravascular blood may affect matrix
metallonproteinase 9 (MMP-9) expression (44), we also show that such contamination cannot
explain the large increases in MMP-9 levels we measured in lesional tissue.

Materials and Methods
All studies involving patients were IRB-approved and patients gave informed consent.
Procedures for the use of laboratory animals were approved by the UCSF Institutional Animal
Care and Use Committee.

Subjects
Beginning in June 2000, patients with AVM evaluated at the University of California, San
Francisco (UCSF) were entered into an ongoing prospective registry (18). We analyzed a subset
of this group who underwent microsurgery and had tissue available for analysis. We selected
from our tissue bank cases that were unruptured and did not undergo pre-surgical embolization.
Control cerebral cortex was obtained from patients undergoing surgical treatment of epilepsy
as previously described (20,23). Samples were taken from structurally normal temporal lobe
remote from the epileptogenic focus. Prior to surgery, Decadron was given to both lobectomy
patients and brain AVM patients in the same dose range.

Immunohistochemistry
We used immunocytochemistry to characterize leukocyte infiltrates. CD31 antibody was
obtained from DakoCytomation (Denmark) and was used according to the company’s
instruction. This antibody primarily labels endothelial cells, and its specificity has been
reported.(36) MPO, CD68, CD3, and CD20 were purchased from Serotec (Raleigh, NC) and
were used according to the manufacture’s protocol. The specificities of these antibodies have
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been tested by the manufacture, and have also been reported. (3,4,25,26,29). Brain sections at
10 μM were fixed with cold acetone for 20 min at 4°C. Endogenous peroxidase activity was
quenched by incubating slides in 0.3% H2O2 in methanol for 30 minutes. Slides were rinsed
in 2 changes of PBS, pH 7.4, and then incubated in PBS with 0.1% Triton X-100 for 30 minutes
at room temperature. After blocking, sections were incubated with primary antibodies diluted
in PBS with 0.1% Triton X-100 at the following concentrations: mouse monoclonal anti-
human-MPO, 1:2000, mouse monoclonal anti-human-CD68, 1:1000, mouse anti-human CD3,
1:200, mouse anti-human CD20, 1:100, and mouse anti-human CD31, 1:100. After incubating
at 4°C overnight and washing in PBS, the sections were incubated with biotinylated goat anti-
mouse (Vector Laboratories, Burlingame, CA) diluted 1: 5000 for 1 hour at room temperature,
and were treated with the ABC streptavidin detection system (Vector Laboratories) for 1 hour
after washing with PBS. The resulting horseradish peroxidase signal was detected using 3,3′-
diaminobenzidene. For dual fluorescent staining, after incubating at 4°C overnight with
primary antibodies, sections were incubated with Alexa Fluor 594-conjugated goat anti-mouse
or Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular probes, Eugene, OR) at 1:500
dilution for 1 hour at room temperature. They were then mounted and photographed with
fluorescent microscope. Negative controls were performed by omitting the primary antibodies
during the immunostaining.

Assessing the amount of neutrophil and macrophage in AVM tissue
The area of each tissue section was measured with NIH image J program, and expressed as
mm2. To quantitate the amount of leukocytes present in AVM tissue, neurophil positive signal
(brown color associated with blue nuclei) present in the vascular lumen (defined as
unassociated with endothelial cells), in the vascular wall (defined as associated with endothelial
cells, or smooth muscle cells), and in the parachyma of AVM tissue was counted separately.
Neutrophil positive signal was also counted in the control epilepsy tissue in the same manner.
The number of positive signals was taken as neutrophil count. The count was divided by the
measured area to obtain neutrophil count per unit area. The neutrophil counts from the vascular
wall and parenchyma were combined and analyzed because the neutrophils from these two
locations are presumably available to exert a substantial biological effect on tissue.

Because the control tissue had a different amount of vascular tissue than the AVM nidus, we
normalized the area to an index of blood vessel mass, which is represented by the amount of
endothelial cell (EC) marker CD31. Brain AVM tissue and epilepsy tissue were immunostained
with CD31. The amount of CD31 was assessed by measuring CD31 digitized positive blood
vessels with NIH image J program by computer-aided planimetry. Staining images were
digitized under a 20× objective with a spot camera (Leica, Germany) equipped with NIH image
J software. To control for the variations during photographing, all images used for cell counting
were acquired under the same magnification, light intensities, and exposure time on slides. The
thresholds were selected with a “set color threshold” feature in the Image J software, which
permits the user to select pixel regions that were considered positive. After establishing the
threshold, this same parameter was applied to all images during counting. The tissue slides for
each cell marker were processed identically during staining to avoid impact of background
color on counting. The positive signal displayed dark brown color which is in sharp contrast
to the background light brown color, and thus, the counting is not affected by the small
variations in background color. The amount of CD31 was assessed by measuring the pixels of
CD31 positive particles, and was expressed as pixels. Neutrophil count per unit area per unit
EC mass was calculated. The amounts of macrophage were assessed in the same fashion as for
neutrophils.
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Isolation of neutrophil from peripheral blood of AVM patients
To further explain our previous observations that suggested the correlation between leukocyte
infiltration and inflammatory marker expression (6,7), we correlated leukocyte quantity and
MPO expression ex vivo. Neutrophils were isolated from brain AVM patients’ blood by using
Histopaque 1077 (Sigma-Aldrich, St Louis, MO). The isolated cells were resuspended at
different density in PBS, and were used for assessing MMP-9 and MPO content by ELISA, as
described below.

Enzyme-linked immunoadsorbent assays (ELISA)
MPO levels were measured by ELISA according to the protocols provided by the manufacturer
(Calbiochem, San Diego, CA). Protein levels of MMP-9 in tissue specimens were measured
using specific ELISA kits (R&D systems Inc., Minneapolis, MN) according to the
manufacturer’s protocol.

Animals and blood infusion
Because intra- or extravascular blood in AVM tissue may affect MMP-9 expression (44), we
further investigated this effect by injecting whole blood in the mouse brain. Adult male, CD-1
mice, weight 30 to 35 g, were purchased from Charles River Laboratory (Wilmington, MA).
Mice (n= 3 per group) were injected with 20μl of whole blood at various dilations: 100% (no
dilution), 50%, 25% (diluted with normal saline). A control group was injected with normal
saline. The method for whole blood injection was as described by Tejima et al (44). Briefly,
after induction of anesthesia with ketamine and xylazine (intraperitoneal), mice were placed
in a stereotactic frame (David Kopf Instruments, Tujunga, CA). Hamilton syringe was inserted
through a burr hole 1 mm lateral to the sagittal suture, 1 mm posterior to bregma, and 3 mm
under the cortex. 20 μl of injectate (whole blood, diluated whole blood, or normal saline as
described above) was injected stereotactically into the right caudate putamen. The mice were
sacrificed at 3hr after treatment. Tissue sampling is depicted in Figure 8A. Brain tissues were
immediately frozen in liquid nitrogen and stored at −80°C. For MMP-9 activity assessment,
tissue homogenates were centrifuged at 10,000g for 20 min at 4°C, and the supernatants of the
homogenates were used for zymography.

Gelatin zymography
Zymography was performed as previously described (24). Briefly, protein sample of 40 μg
was separated under non-reducing conditions in a 10% zymogram gel (Invitrogen, Carlsbad,
CA) containing 0.1% gelatin as a substrate. Following electrophoresis, gels were washed, and
incubated in developing buffer overnight at 37°C. Then the gels were stained with 0.5%
Coomassie Blue R-250 and de-stained. MMP activity can be detected as white bands of lysis
against the Coomassie blue stained gel. Protein bands in zymography were quantified by
scanning densitometry using KODAK image analysis software (Eastman Kodak Company).
In preliminary experiments, controls with increasing amounts of protein verified that
quantitative band intensities fell within a linear range.

Statistical analyses
Data are presented as mean ± SD. For neutrophil and macrophage counts and indices, we
determined that the distribution of values was skewed and therefore used the non-parametric
Mann-Whitney test to compare AVM to control tissues. Linear regression was used to compare
the various assayed protein relationships. Results from animal and cell culture studies were
analyzed using a one-way ANOVA followed by the Scheffé test. A probability value of less
than 5% was considered to represent statistical significance.
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Results
Table 1 shows the demographic and brain AVM characteristics of the study cohort. The mean
age (years) for AVM patients was 46 ± 15 and 36 ± 13 for control patients (P=0.11). Mean
AVM size was 2.2 ± 1.3 cm.

Presence of inflammatory cells in AVM tissues
To investigate whether inflammatory leukocytes are present in brain AVM tissue, we
performed immunohistochemistry on sections from frozen AVM tissues using neutrophil
marker MPO, macrophage/microglia marker CD68, T lymphocyte marker CD3, and B
lymphocyte marker CD20. We examined unruptured tissue specimens in AVM patients that
had not undergone pre-surgical embolization, two potential confounders that might increase
the level of inflammatory infiltrates in the lesional tissue. Neutrophils were present in the
vascular wall as well as in parenchymal tissues of AVM, demonstrating regional infiltration
of neutrophils (Figure 1a, b, c, d,e,f). Although a majority of MPO signals were detected in the
vascular wall and the parenchymal tissues, some of MPO signals were observed in the lumen
of the vessel of AVM (brown color indicated by arrowheads) (Figure 1a). These are presumed
to be neutrophils that remained in the vascular lumen during resection. There were no MPO
positive cells in epilepsy brain samples (Figure 1 g, h).

Macrophages, monocytes, and microglia, identified by CD68 staining, were scattered
throughout the AVM tissue specimens such as vascular wall and parenchyma (brown color
indicated by arrows, Figure 2a, b, c, d, e and f). Figure 2a, c and e are representatives from
three brain AVM patients, and g is from an epilepsy patient. Figure 2b, d, f and h are
photographed under higher power from areas from Figure 2a, c, e, g respectively (indicated by
rectangle).

To determine whether neutrophil and macrophage were present in the same vascular loci, serial
AVM sections (a and e; c and g) were stained with MPO and CD68 markers respectively. As
shown in Figure 3a and 3e, a majority of neutrophils and macrophages were present in
proximity in the same vessels. However, in some cases, neutrophils and macrophages were
present at different locations: neutrophils mainly at the inner wall, and macrophages mainly at
the outer vascular wall (Figure 3c and 3g).

To quantitatively assess leukocyte infilatration in brain AVM tissue, we performed cell
counting on slides immunostained with MPO, CD68, or CD31. Table 2 shows results of MPO
and CD68 signal representing neutrophils and macrophage indices, respectively, in the vascular
wall, lumen, and adjacent parenchyma tissue. As shown in Figure 4, brain AVM tissues had
more MPO and CD68 than the cortical tissues from epilepsy patients (MPO: 434 ± 333 vs 5 ±
4, P=0.0001; CD68: 454 ± 404 vs 4 ± 2, P=0.0001; cells/mm2/EC mass pixels). In addition,
the amount of neutrophils and macrophages in brain AVMs was not closely correlated (R2 =
0.18, y = 0.515× + 230, n = 20, P = 0.06). We found no association between the amount of
neutrophil or macrophage and avm location, size, or drainage (data not shown).

In contrast to the abundant MPO and CD68 signals present in brain AVM tissues, the signals
for T cells (CD3) and B cells (CD20) were rare in brain AVM tissues (data not shown).

Correlation of neutrophils with MPO and MMP-9 levels
To determine whether neutrophils contribute to MMP-9 production in brain AVM tissue, we
performed double immunofluorescent staining of MPO and MMP-9 on AVM tissue sections.
As represented in Figure 5, majority of MMP-9 signal (a, green) and MPO signal (b, red) in
brain AVM tissue co-localized (c, yellow), indicating that a major source of MMP-9 in AVM
tissues was from neutrophils.
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To validate the use of MPO as a marker for quantitative assessment of neutrophils, we measured
MPO and MMP levels in neutrophils isolated from patients with brain AVMs. There was a
linear relationship among neutrophil counts and MPO and MMP-9 levels (Figure 6A and 6B).
Neutrophil count was linearly correlated with MPO and MMP-9 (R2=0.99, R2=0.98). MPO
level, in turn, correlated with MMP-9 levels (Figure 6C, R2=0.99). The results indicate that
MPO level could be used as an index for assessing the amount of neutrophils, and imply that
more neutrophils present in brain avm tissues could be associated with higher MPO and MMP-9
levels.

Contribution of the blood pool to tissue measurement of MMP-9
We have previously reported that brain AVM tissues displayed higher levels of inflammatory
markers compared to control epilepsy tissues by ELISA (6). Brain AVM tissues dissected in
surgery are heterogeneous, and contain varying amount of blood, both intravascular and
extravascular. To assess the amount of blood present in AVM tissues, and the contribution of
blood source MMP-9 on measurements of total MMP-9 levels, we measured the amount of
hemoglobin in brain AVM tissues and used it as an index for the amount of blood and compared
it with MMP-9 tissue levels. MMP-9 level was correlated with Hb (Figure 7). However, the
blood pool, as reflected by Hb content, contributed to only 6% of the variation in the
relationship (R2 = 0.06, y = 0.048× + 9.79, n = 77, P = 0.04), suggesting that blood-borne
MMP-9 only partially accounted for the amount of total measured MMP-9 activity in surgical
brain AVM specimens.

To further examine the potential confounding effects of retained blood cells in AVM tissues
on MMP-9 tissue levels, we injected blood at varying hematocrits into the mouse brain and
measured MMP-9 tissue levels. Figure 8A shows the site of blood infusion and tissue sampling.
Blood injection increased MMP-9 level by 22% to 37% (100% blood 137 ± 11 vs 50% blood
131 ± 1.3 vs 25% blood 122 ± 1.8 vs normal saline 100 ± 10). MMP-2 level increased in a
parallel fashion as MMP-9 (Figure 8B and 8C). The results indicate that about 78% to 63%
MMP-9 level came from parenchyma tissue, and suggest that even large amounts of
extravascular blood could not account for the large increases in MMP-9 level that we have
previously described (6).

Discussion
This study reports the first quantitative description of neutrophils and macrophages in the nidus
of brain AVM tissue removed during microsurgical resection. We found that neutrophils and
macrophages were present in the vascular wall of brain AVM tissues, as well as adjacent
parenchyma to a greater degree than control tissue. In contrast, we did not observe a significant
amount of T and B lymphocytes present in brain AVM tissues. Because prior hemorrhage or
embolic material might confound interpretation of inflammatory infiltrates in the lesional
tissue, we examined leukocyte infiltrates in brain AVM tissue from unruptured and un-
embolized patients. Our current findings are consistent with our prior reports which suggest
that inflammatory response is present in brain AVMs and plays a role in its pathophysiology.
(6,7,20) Our gene microarray studies found that several genes involved in inflammation such
as chemokine receptor 1, TGF-β, angiopoitein 2, and integrin α are upregulated in brain AVMs.
(20) In addition, our ELISA analysis showed that elevated concentrations of inflammatory
biomarkers in brain AVMs.(6,7) Consistent with our data, Shenkar et al reported that several
inflammatory genes such as NF-kB, IL-8 receptor, and TNF-related receptor were increased
in brain AVMs.(40) The novel finding of this study is the observation of inflammatory
leukocytes in un-ruptured, and non-embolized brain AVM patients.

Chen et al. Page 6

Neurosurgery. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Inflammatory leukocytes are present in brain AVM tissues
Inflammation has been considered as shared pathological mechanisms in many vascular
disorders including aneurysm (10,21). Inflammatory leukocytes have been implicated as
pathological mediators in cardiovascular disease and brain injury (14,30,42). Under
physiological conditions, leukocytes circulate freely and do not interact with the endothelial
cells. During inflammatory cascades, leukocytes transmigrate to the cerebral microvasculature,
and accumulate at the inflammatory site in response to cytokines, chemokines, as well as
products of tissue breakdown. They secrete enzymes such as MPO, MMPs, and release
cytokines including IL-6 that contribute to brain injury (5,9,41).

Our immunohistochemical staining demonstrates that neutrophils and macrophages are present
in the vascular wall as well as adjacent tissue of brain AVMs. Our data are consistent with the
view that inflammation may play a role in brain AVM pathophysiology. The rarity of T and B
cells in brain AVMs was somewhat surprising. However, their absence does not preclude an
effect of chronic inflammation: macrophages, neutrophils, as well as vascular endothelia are
sufficient to produce and release inflammatory mediators.(38) A significant cellular component
of chronic inflammation associated with pathological angiogenesis is the macrophage.(2,11,
32,33) We do not have definitive explanation or a precedent why pathways for T & B
lymphocyte recruitment in brain AVMs are not as pronounced as those for macrophages and
neutrophils. Further studies are needed to elucidate the precise stimulatory mechanisms for
macrophages and neutrophils recruitment.

Although dexamethasone was given to both lobectomy patients and brain AVM patients in the
same dose range, we cannot exclude the possibility that the drug may differentially impact
AVM and temporal lobe differently, as the degree of inflammation in the control and brain
AVM patients was clearly different and but there is a possibility that there is some difference
in the dose response to diminishing the number cells. Because brain AVM tissues appear to
have a much higher inflammatory load, we would surmise that dexamethasone probably leads
to an underestimation of inflammation in AVM, and thus not affect our conclusions.
Inflammatory cells could release various pro-inflammatory cytokines, MMPs, and other
proteolytic enzymes capable of weakening or destroying the vascular wall leading to vascular
rupture and hemorrhage. MMP-9 is an effector as well as a regulator of leukocyte function. It
is stored in the tertiary granules of neutrophils, and is considered a specific marker of neutrophil
maturation (35). MMP-9 synthesis in leukocytes is stimulated by lipopolysaccaride and
cytokines (12,15,39,45). Enhanced MMP-9 activity could lead to brain AVM hemorrhage.

The amount of neutrophils correlates with MPO and MMP-9 levels
Myeloperoxidase (MPO) is a heme protein expressed at high levels in neutrophils (13,27,43),
and is a potent proinflammatory mediator (28,34). To validate the use of MPO as an index for
quantitative assessment of neutrophils, we determined MPO and MMP levels in neutrophils
isolated from patients with brain AVMs. Our results demonstrate a linear relationship between
neutrophil quantity and MPO expression. In addition, the amount of neutrophils has been found
to be tightly associated with the level of MMP-9. MMP-9 is a major component of neutrophilic
tertiary granules, and is released from neutrophils in inflammation in response to pro-
inflammatory cytokines.(35,39,45) In our recent animal model studies, we have demonstrated
that neutrophil depletion lead to decreased MMP-9 activities.(19) In addition, it has been
demonstrated that neutrophils release neutrophil gelatinase-associated lipocalin (NGAL),
which protects MMP-9 from degradation, thereby resulting in enhanced MMP-9 enzymatic
activity.(46) The data indicate that MPO level serves as a practical means of measuring
neutrophil load. The data also imply that more neutrophils present in brain AVM tissues could
lead to higher MPO and MMP-9 levels.
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Contribution of the blood pool to tissue measurement of MMP-9
Because intra- or extravascular blood may affect MMP-9 expression (44), we assessed the
potential impact of blood pool-derived MMP-9 by correlating hemoglobin level with MMP-9
level. The purpose of injecting blood into mice brain and measuring MMP-9 levels (data
presented in Figure 8) was to determine possible contribution of MMP-9 in blood, from either
intra- and extravascular, on measurements of total MMP-9 levels. We measured MMP-9 levels
in mice brain tissues which contained injected blood. This was to mimic MMP-9 determination
in brain AVMs which contained a combination of AVM lesional tissue, intravascular blood,
and extravascular blood. Since none of our cases in the present study presented with
hemorrhage, the estimate of blood pool MMP-9 is a “worst-case” estimate.

In our previous study, we have reported that brain AVM samples had higher levels of MMP-9,
TIMP-1, and TIMP-3. MMP-2 and TIMP-2 levels were below detection in brain AVMs.(22)
MMP-9 has been implicated to play a critical role in vascular remodeling and rupture, thus we
focused on MMP-9 in this study. Our data indicate that MMP-9 derived from the blood pool
contributes only to a small degree to the otherwise large amount of total MMP-9 expressed in
brain AVM tissue amount, as determined by the ELISA method. This notion is supported by
our animal study which showed that increasing dosage of blood only partially elevated MMP-9
level. MMP-9 was determined at 3 hr after blood infusion. We chose this time point to mimic
the period for AVM tissue harvest at clinical settings. This is also the time period for neutrophil
in the blood to infiltrate and transmigrate to vascular wall (31). Infusion of whole blood into
the mouse brain increased MMP-9 level to 2.4 ng/mg compared to1.6 ng/mg with normal saline
injection. The mean MMP-9 level measured in brain AVM tissue was 28 ng/mg (6). These
data suggest that no more than 1/10 of total MMP-9 derives from the blood pool. We cannot
directly translate from mouse to human tissue, but the result serves as an estimate of the order
of magnitude. Taken together, our results suggest that the influence of blood contamination,
either by induction of astrocytic MMP or direct transfer, might be estimated to be in the range
of 6% (by MMP-9 correlation with Hb in AVM tissue analysis) to 37% (by animal model using
blood injection), a range that is an order of magnitude lower than previous estimates of MMP
and MPO expression in AVM compared to normal brain tissue (6).

Conclusions and Limitations
The data presented here, when taken together with previously reported data linking cytokine
genotype with clinical course, are consistent with a view that inflammation is a contributory
cause for disease pathogenesis or progression. Inflammation may act alone or perhaps in
concert with congenital defects, environmental exposures, or chronic hemodynamic
derangements to result in the clinical phenotype. Our results do not prove that inflammatory
mechanisms are causative of disease or directly influence the disease progression, but there is
a growing body of evidence that is consistent with such hypotheses (10,17). In our study, choice
of control tissue for brain AVM nidus has inherent limitations. We have described previously
our use of brain taken from surgical epilepsy patients (22,23), but others have proposed using
superficial temporal arteries (40). Neither of these tissues is ideal, as neither contains
intracranial blood vessels of the caliber found in brain AVM nidus. It is unlikely that precise
choice of normal comparator tissue would change the conclusions; as inflammation should be
absent in both normal parenchyma and conductance vessels. Further, the primary purpose to
include tissues from surgical epilepsy patients is to use as a quality control assay to rule out
the possible effects of surgical trauma. Future work needs to address the mechanisms by which
pro-inflammatory pathways might influence brain AVM growth, progression or rupture.
Improved understanding of the disease pathogenesis has the potential to assist in the
development of novel therapeutics.
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Figure 1.
Immunohistochemical staining of neutrophil marker MPO on sections from un-ruptured and
non-embolized brain AVM tissue (figure a–f) and epilepsy (figure g–h) control tissue. Brown
color, indicated by arrows, is positive MPO signal, and blue color is the counter staining with
hematoxylin of nuclei. Figure a showed that neutrophils were present in the vascular wall and
lumen of AVMs. Figure b was photographed under higher power from selected area of the
figure a, indicted by rectangle. Figure c showed neutrophils were present in the vascular wall
as well as parenchymal tissue of AVMs, and figure d was photographed under higher power
from selected area of c, indicted by rectangle. Figure e showed that neutrophils were
predominantly present in the vascular wall, and image f showed selected area from e under
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higher magnification. Neutrophils were absent in cortical tissue of epilepsy patient (figure g
and h). Representative images from 3 AVM patients and an epilepsy patient; size bar for a, c,
e, and g: 100μm; size bar for b, d, f, and h: 25μm
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Figure 2.
Immunohistochemical staining of macrophage/monocyte marker CD68 on sections from un-
ruptured and non-embolized brain AVM tissue and epilepsy control tissue. Brown color, shown
by arrows, indicates positive CD68 immunoreactivity. Cell nuclei appear blue with
hematoxylin counter staining. Figure a showed that macrophages were mainly present in the
parenchymal tissue adjacent to the vascular wall, and figure b showed higher magnification of
rectangle area from a. Figure c showed that macrophages predominantly reside in the vascular
wall and figure d showed higher magnification of rectangle area of c. Similar to figure a, figure
e showed that macrophages were mainly present in the parenchymal tissue adjacent to the
vascular wall. Figure f was photographed under higher power from selected area, indicted by
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rectangle, of e. Weak CD68 positive signals were also observed in the cortical tissue from
epilepsy patients (figure g and h). Representative images from 3 AVM patients an epilepsy
patient; size bar for a, c, e, and g: 100μm; size bar for b, d, f, and h: 25μm
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Figure 3.
Co-localization of MPO and CD68 signal. Adjacent AVM tissue sections were stained with
MPO, or CD68 marker. Brown color, shown by arrows, indicates positive MPO, or CD68
immunoreactivity. Cell nuclei appear blue with hematoxylin counter staining. Figure a and e
showed that neutrophils and macrophages were present in proximity at the same vessels. Figure
b and f were photographed under higher power from selected area, indicted by rectangle, of a,
e respectively. Figure c and g showed that neutrophils and macrophages were present at
different locations: neutrophils were mainly present at the inner wall; macrophages were
mainly located at the outer vascular wall. Figure d and h were photographed under higher power
from selected area, indicted by rectangle, of c, g respectively. Size bar for a, c, e, and g:
50μm; size bar for b, d, f, and h: 50μm
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Figure 4.
Comparison of the amount of neutrophil and macrophage between brain AVM patients and
epilepsy patients. Cell counting was performed on the slides immunostained with MPO, or
CD68. Cell counts were from vascular wall and parenchyma, and normalized by tissue section
area (mm2) and the amount of endothelial cells (CD31, pixel). Brain AVM tissues had more
MPO and CD68 than the cortical tissues from epilepsy patients (MPO: 434 ± 333 vs 5 ± 4,
P=0.0001; CD68: 454 ± 404 vs 4 ± 2, P=0.0001; cells/mm2/EC mass pixel).
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Figure 5.
Double staining of MMP-9 (a, green color) and MPO (b, red color) in brain AVM tissue. Yellow
color in c indicates co-localization of MMP-9 with MPO. size bar: 50μm
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Figure 6.
A. Correlation of neutrophil number with MPO level. R2 = 0.99, y = 1.85 – 0.37x, n = 4, P<0.01.
B. Correlation of neutrophil number with MMP-9 level. R2 = 0.98, y = 0.25 – 0.05x, n = 4,
P<0.01. C. Correlation of MMP-9 with MPO. R2 = 0.99, y = 0.14x – 0.02, n = 4, P < 0.01.
Neutrophils were isolated from the peripheral blood of four AVM patients at the density of 2.5
×105. Three serial dilution of each sample was: 1.25×105, 0.625 ×105, 0.312 ×105.
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Figure 7.
Correlation of MMP-9 with hemoglobin in brain AVM tissue. R2 = 0.057, y = 0.048x + 9.79,
n = 77, P = 0.04
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Figure 8.
A. coronal section of mouse brain showing the site of blood infusion and tissue sampling.
Arrow indicates the position of blood (in red) infusion into striatum of the mouse brain. Yellow
circled area represents the area of tissue sampling for assessing the level of MMPs. B. MMP-9
and MMP-2 level assessed by zymography in mice brain 3hr following whole blood injection.
N= 3 for each treatment group. S: MMP standards, 1: 100% of original hematocrit, 2: 50% of
original hematocrit, 3: 25% of original hematocrit, 4: normal saline. C. Quantitation (Optical
density) of MMP-9 and MMP-2 levels.
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