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ABSTRACT

Sturge-Weber syndrome (SWS) is a neurocutaneous disorder
that presents with a facial port-wine stain and a leptomeningesal
angioma. Fibronectin expression regulates angiogenesis and vascu-
logenesis and participates in brain tissue responses to ischemia and
seizures. We therefore hypothesized that abnormal gene expression
of fibronectin and other extracellular matrix genes would be found
in SWS brain tissue and SW'S port-wine skin fibroblasts. Fibronec-
tin gene and protein expression from port-wine—derived fibroblasts
were compared with that from norma skin-derived fibroblasts of
four individuals with SWS using microarrays, reverse transcriptase—
PCR, Western analysis, and immunocytochemistry. Fibronectin
gene and/or protein expression from eight SWS surgical brain
samples was compared with that in two surgical epilepsy brain
samples and six postmortem brain samples using microarrays, re-
verse transcriptase—PCR, and Western anadysis. The gene expres-
sion of fibronectin was significantly increased (p < 0.05) in the
SWS port-wine-derived fibroblasts compared with that of fibro-
blasts from SWS normal skin. A trend for increased protein levels of

Sturge-Weber syndrome (SWS) is a neurocutaneous disor-
der that classically presents with afacial port-wine stain, in the
ophthalmic distribution of the trigeminal nerve, associated with
an ipsilateral leptomeningeal angioma. Children and adults
with SWS often develop progressive neurologic problems,
including difficult-to-control seizures, migraines, stroke-like
episodes, mental retardation, and hemiparesis. Treatment for
SWS is largely symptomatic and directed at the control of
seizures with anticonvulsants or surgery (1, 2).
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fibronectin in port-wine fibroblasts was found by Western analysis.
No difference in the pattern of fibronectin staining was detected. The
gene expression of fibronectin was significantly increased (p <
0.05), and a trend for increased fibronectin protein expresson was
found in the SWS surgical brain samples compared with the post-
mortem controls. These results suggest a potentia role for fibronec-
tinin the pathogenesis of SWSand in the brain’ s response to chronic
ischemic injury in SWS. The reproducible differences in fibronectin
gene expression between the SWS port-wine—derived fibroblasts
and the SWS normd skin-derived fibroblasts are consistent with the
presence of a hypothesized somatic mutation underlying SWS.
(Pediatr Res 53: 762—769, 2003)

Abbreviations
SWS, Sturge-Weber syndrome
ECM, extracellular matrix
RT-PCR, reverse transcriptase-PCR

SWS occurs almost entirely sporadically and with equal
frequency in the sexes (3). The genetic or environmental/
prenatal factors resulting in the disorder are not known. The
localized abnormalities of blood vessel development and func-
tion affecting the facial skin, eye, and brain suggests a devel-
opmental disruption that occurs in the first trimester of preg-
nancy (4). Somatic mutation has been cited as the probable
cause of SWS, given the localized, asymmetric abnormality of
blood vessel formation (5). However, the putative mutation is
unknown, and other molecular mechanisms are possible. No
animal model for SWS exists at this time.

Histologic studies of SWS brain angiomas have reveaed
large tortuous and abnormal venous structures in the thickened
leptomeninges. The underlying brain tissue may be atrophic
and display neuronal loss, astrogliosis, dysgenic cortex, and
calcification in the cortical layers (6). The cortical vessels
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underlying the meningeal angioma are thin-walled, narrowed
by hyalinization and subendothelial proliferation (3, 7), and
increased in number (8).

The basal lamina separating vascular endothelial cells from
the surrounding connective tissue is composed of numerous
glycoprotein and proteoglycan extracellular matrix (ECM)
molecules, including fibronectin, laminin, and tenascins (9).
The ECM has critical roles in neovascularization during de-
velopment (10, 11). Fibronectin is the prototypic ECM mole-
cule and has key roles in regulating angiogenesis and vascu-
logenesis, as well as brain tissue responses to ischemia and
seizures. Fibronectin 1 is one of the most common splice
variants (12, 13).

SWS is a disorder of abnormal vascular development, and
previous literature has reported differences in the staining
patterns of several ECM molecules in port-wine skin tissue
(14). We therefore hypothesized that abnormal gene expression
of fibronectin would be found in SWS brain tissue and SWS
port-wine skin fibroblasts. This study analyzes fibronectin gene
and protein expression of fibroblasts derived from port-wine
stains and normal skin of four subjects with SWS, as well as
that of SWS cortical brain tissue and controls.

METHODS

Skin biopsy samples and fibroblast cultures. Four individ-
uals with SWS were recruited for tissue donation through the
Sturge-Weber Foundation. Clinical information was simulta-
neously solicited using a brief questionnaire. Punch biopsies
were obtained from port-wine skin and normal skin by derma-
tologists. The Institutional Review Board of Johns Hopkins
approved the protocol, and al participants gave informed
consent. Fibroblast cultures were initiated from each of the
eight skin biopsies. Cells were at passage 6—7 for the mRNA
isolation and at passage 9-10 for the protein isolation. Karyo-
typing was performed on al four SWS port-wine—derived
fibroblast cell lines at passages ranging from 6 to 8.

Table 1 details the clinical information gathered regarding
the four SWS subjects from whom skin biopsies were taken.
The ages ranged from 5.5 to 35 y, and there were three female
subjects. The normal and port-wine skin biopsies were taken
from a variety of skin regions, and no consistent differencesin
the location were found between normal and port-wine sites.
Three subjects had had no previous laser treatment to the
biopsied area of the port-wine stain.
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Brain tissue samples. Surgical cortical brain tissue, patho-
logic reports, and clinical data were obtained directly from the
treating ingtitutions, the Maryland Brain Bank, or the Harvard
Brain Bank. For the microarray analysis, RNA from two SWS
brain tissue samples was compared with that from two surgical
epilepsy controls. For the PCR studies, cDNA from five SWS
brain samples was compared with four postmortem control
samples. For the Western analyses, homogenates from six
SWS cortical brain samples were compared with five postmor-
tem control brain samples.

An effort was made to obtain matches when possible; to
obtain arange of ages, sex, and brain regions for the postmor-
tem controls used; and to take into account significant discrep-
ancies between the two groups (SWS and controls) in the
analysis of the data. Table 2 outlines the clinical data from the
eight SWS brain samples, the two epilepsy samples, and the six
postmortem control samples and indicates which samples were
used for the various assays/studies performed. In the reverse
transcriptase—PCR (RT-PCR) analysis, the mean age = SD of
the five SWS subjects was 3.2 = 3.8 y and of the four controls
was 11.8 = 9.1y. For the Western analysis, the mean age of
the six SWS subjects was 5.2 = 5.7 y and for the five controls
was 6.8 £ 7.1y.

Pathology reports were received from the treating institu-
tions and reviewed for al surgical brain specimens to confirm
pathologic diagnosis. Visua inspection of the SWS cortical
samples revealed large vascular structures on the outer surface.
In addition, cryostat sections were obtained from al of the
postmortem and surgical brain samples. These sections were
stained with hematoxylin and eosin and reviewed by a neuro-
pathologist. All tissue was found to be cortical and in suitable
condition for the analyses.

RNA isolation. RNA was isolated by RNeasy prep (Quia
gen) from a T75 flask of each fibroblast cell line. RNA was
isolated from the brain samples using TRIzol (GIBCO/BRL).
RNA quality was assessed by the A,gy/A,g, ratio and was
between 1.9 and 2.0 from the RNeasy preparations and 1.8 and
1.9 from the TRIzol preparations (data not shown). RNA
integrity was confirmed on all RNA samples by electrophoresis
on an ethidium-stained agarose gel (data not shown).

cDNA array hybridization and analysis. The microarray
analysis of the fibroblast RNA was performed using National
Ingtitutes of Health neuroarrays as described in a published
protocol (15). Eight micrograms of total human fibroblast RNA

Table 1. Clinical characteristics of skin biopsies taken for SWS fibroblast cell lines

Port-wine stain

Subject Age (y) Sex Race Medications Biopsy locations Symptoms appearance
S1 13 F White Xalatan eyedrops PW: near hairline Seizures, hemiparesis, Flat, pink, bilateral; no
N: behind ear glaucoma previous laser
S2 8 M White Neurontin, Dilantin, PW: behind ear Seizures, hemiparesis, Flat, pink, hypertrophy,
Periactin, baby N: neck posteriorly migraines, learning unilateral; no previous
aspirin problems |aser
S3 32 F White Neurontin PW: chin/lip Hemiparesis, learning Raised, red, unilateral;
N: forehead problems no previous laser
A 5 F White Depakote PW: scalp Seizures, autism One previous laser
N: neck

PW, port-wine skin biopsy; N, normal skin biopsy.
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Table 2. Clinical characteristics of brain samples

Functional imaging Cause of death

Medications

Neurologic symptoms

PMI (h)

Region

Sex

Age (y)

Assays

Diagnosis

N/A
N/A

PET: hypometabolism

Klonipin, neurontin, valproate

Phenobarbital, valproate

carbamezapine

Intractable epilepsy

N/A
N/A

Left parietal
Left frontal

M
E

10

SWS

S1

Intractable epilepsy hemiparesis, hemianopsia

P, W

S2 SWS

N/A

PET: hypometabolism

Carbamezapine, phenobarbital

N/A Intractable epilepsy hemiparesis, field cut,

Left occipital

F

S3 SwWS

speech delay
Intractable epilepsy hemiparesis

N/A

Valproate, klonipin,

N/A

Right hemisphere

P, W F

SWS

topiramate

N/A

SPECT: decreased cortical perfusion

Phenobarbital phenytoin

Intractable epilepsy hemiparesis, field cut,

N/A

Left hemisphere

P, W F

SWS

speech delay

Intractable epilepsy hemiparesis, field cut

Intractable epilepsy

N/A
N/A
N/A

PET: hypometabolism

topiramate

N/A
N/A
N/A

Left parietal-occipital
Right hemisphere
Left temporal

M
M

S6  SWS

S7

Not available

SWS

PET: hypometabolism
MRS: decreased NAA

Carbamezapine, valproate

Intractable epilepsy, MR, tremor

16

S8 SWS

mysoline, phenobarbital

Lamicatal, mysoline

Klonipin

N/A
N/A

Intractable epilepsy, hemiparesis, MR

N/A
N/A

parietal
frontal

R R R

Lef
Lef

M
M

M
M

Arachnoid cyst

El

Intractable epilepsy, developmental delay

al dysplasia

=

Fron

E2

Accident, multiple injuries
Accident, multiple injuries

Accident, multiple injuries
Myocarditis

Accident, drowning
No anatomic cause

21
21
22
16
24

4

occipital
parietal
frontal
temporal
frontal
Right frontal

Lef
Lef
Lef
Lef
Lef

F
M
E
F
M

20
6
2

19
2
5

P, W
P, W
P, W

S S S S = =
s B B B B B
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S, SWS brain sample; E, epilepsy brain sample; C, postmortem control brain sample; M, microarray; P, PCR; W, Western; PMI, postmortem interval; N/A, not applicable; MR, mental retardation; ADHD,

attention-deficit/hyperactivity disorder; PET, positron emission tomography; SPECT, single photon emission computed tomography; MRS, magnetic resonance spectroscopy; NAA, N-acetyl aspartate.

was labeled in the reverse-transcription reaction mixture. Two
separate labeling reactions and subsequent hybridizations were
performed using the same eight RNA samples. The National
Institutes of Health filters have spotted on them 1128 genes
with each cDNA spotted twice, one on each half of the filter.
A few genes are present in duplicate and are spotted four times
on the same filter.

Images obtained from hybridization of the fibroblast RNA
probes to a total of 14 filters (one pair of filters was removed
from the analysis as one of the pair had dried out during
hybridization) were gridded and the intensity values obtained
using Image Quant software. Intensity values were normalized
using globa normalization. The consistency of the National
Ingtitutes of Health microarray results was assessed with a
Pearson’s correlation comparing the two hybridizations of each
gene per filter, and the two separate labelings were performed.
For each RNA sample, al of theindividual data pointsfor each
gene were averaged, and the overall averages then were cal-
culated (n = 4 port-wine and n = 4 normal). Fold regulation of
gene expression was assessed with ratios of the overall aver-
aged normalized port-wine sample to averaged normal sample
signal intensity. A paired two-tailed t test was used to calculate
p values comparing the average normalized intensity values. A
conservative Bonferroni correction was performed as a test of
repeated measures.

Microarray analysis of the two pairs of brain RNA samples
(each comparing an SWS brain sample with an epilepsy brain
sample) was performed with UniGEM V2 fluorescence arrays
(Incyte Genomics, St. Louis, MO), which has 9374 sequence-
verified human cDNAs. mRNA was isolated from the brain
total RNA using an Oligotex kit (Quiagen) according to the
manufacturer’s protocol. Microarray hybridization was per-
formed at Incyte Genomics as previously described (16).

The Incyte data were analyzed for expression ratios of
=1.8-fold differences that were consistent in both compari-
sons. In addition, a normalization process designated SNO-
MAD (17), which calculates a local SD in log(ratio) values
across arange of expression values, was performed. Genes that
had z scores consistently greater than 2 in both brain compar-
isons were identified.

RT-PCR. Primers used were as follows: fibronectin, forward
5'-TCCAATCCAGAGGAACAAGCATG-3', reverse 5'-
TTGGTTGGCTGCATATGCTTTCC-3'; hexabrachion, for-
ward 5-TTGGAGGGACCACTGGGTGAGAG-3', reverse
5'-CCTACCCCTCTCCCATCCCAGAG-3.

Five micrograms of each total RNA sample was reverse-
transcribed using SuperScript 11 (LTI) protocol for first strand
cDNA synthesis. RT-PCR was performed by LightCycler PCR
thermo-cycler (Roche), and PCR product was quantified on an
ethidium-stained gel as previously described (16), with nor-
malization to actin. A paired, one-tailed t test was used to
assess differencesin fibronectin expression between SWS port-
wine-derived fibroblasts and SWS normal skin-derived fibro-
blasts. An unpaired, one-tailed t test was used to assess differ-
ences in the expression of fibronectin and hexabrachion in
SWS brain samples versus controls.

Western blot analysis. Fibroblast protein samples were iso-
lated at subconfluence (70—90%) at passages 9—10 from all



FIBRONECTIN IN STURGE-WEBER SYNDROME

eight cell lines. Lysates were collected in 1 mL of protein
loading buffer (5.2 mL H,O, 2 mL of 1 M Tris-HCI, 17 mL of
glycerol, 3.2 mL of 20% SDS, 1.6 mL of B-mercaptoethanol,
and 3 mL of 1% brophenol blue), sonicated, denatured, and
vortexed. The sample was centrifuged at 14,000 rpm for 5 min,
and 700 wL of supernatant was saved. The difference in
fibronectin protein levels between the SWS port-wine and
SWS normal lysates was assessed with a paired, one-tailed t
test.

Protein was isolated from brain samples by homogenization
in 1X PBS buffer with protease inhibitors [protease inhibitor
cocktail (Sigma Chemical Co.), Capain | and Calpain Il
(Calbiochem), and AEBSF (Roche)]. Western blots were per-
formed on whole homogenates (as significant portions of fi-
bronectin were in the pellet after spinning at 2300 rpm for 10
min; data not shown). The protein concentrations were deter-
mined by the protein assay of Bradford (18). Twenty micro-
grams of each brain sample was loaded onto a 4—20% SDS
polyacrylamide gel (ISC BioExpress), and Western analysis
was performed according to previously described standard
techniques (16). A reference sample (sample C5) was electro-
phoresed on every gel so that results from individual gels could
be compared. Bands were quantified by measuring mean signal
density using NIH Image analysis software and standardized to
actin band intensity measured from the same protein samples.
Differences in fibronectin and hexabrachion expression be-
tween SWS and control brain samples were assessed with
unpaired, one-tailed t tests.

Primary antibodies were used at the following dilutions:
anti-fibronectin antibody (BD Transduction Labs, #F 14420)
1:1000 dilution; anti-hexabrachion antibody (Neomarkers,
#MS 128 P1) 1:67 dilution; anti-actin antibody (Sigma Chem-
ical Co., #A2066) 1:1000. Secondary antibodies (Jackson Im-
munoResearch Labs) were used at dilutions ranging from
1:1000 to 1:3000 depending on the primary antibody.

I mmunocytochemistry and fluorescence microscopy. Fi-
broblasts were fixed on coverslips in 4% paraformaldehyde in
PBS for 5 min in 1% saponin in PBS. Cells were blocked for
20 min in 2% goat serum in PBS before 60 min of incubation
with monoclonal fibronectin antibody (BD Transduction Labs)
at 1:100 dilution. Coverdlips were washed in PBS and incu-
bated 30 min with rhodamine-conjugated donkey anti-mouse
antibody at 1:50 dilution. Cells were viewed with a 100X oil
objective lens on a Zeiss Axioplan microscope, and images
were captured with an AxioCam digital camera and the Axio-
Vision 2.0 imaging system (Zeiss).
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RESULTS

Table 3 summarizes the results of these studies and com-
pares the findings in the SWS fibroblast and brain samples that
are described in detail below.

Karyotyping results. All four SWS-derived port-wine—
derived fibroblast cell lines had normal karyotypes without
evidence of clonal chromosomal abnormalities.

Fibroblast microarray results. The Pearson’s coefficient r ranged
from 0.930 to 0.995 for comparisons of each gene spotted twice on
the 14 blots analyzed. The reproducibility between the two separate
labelings was likewise assessed with r ranging from 0.919 to 0.971.
The full microarray data sets from these experiments can be found at
pc190-10.kennedykrieger.org/microarraydatal.

Fibronectin 1 was consistently increased in each of the four
pairs of port-wine fibroblasts compared with the normal fibro-
blasts. The overall average normalized fibronectin 1 gene
expression value demonstrated a 1.4-fold increase (p = 0.009;
Fig. 1) in the port-wine samples. Although fibronectin expres-
sion reached nominal significance at p < 0.01, after a conser-
vative Bonferroni correction, this value was not significant.
mRNAs encoding other ECM molecules, including laminin,
hexabrachion, and multiple « collagen chains (types VI, XI,
X1V, XV, and XVI), were not found to be significantly
regulated.

Fibroblast PCR results. A 2-fold increase in fibronectin
expression was found in the port-wine fibroblasts by PCR (p =
0.03; Fig. 2). As predicted from the microarray data, the
expression of hexabrachion in the fibroblast samples was not
regulated based on PCR analysis (data not shown).

N w D [$)]
o o o o
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o
1

Average Normalized Intensity
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Figure 1. Fibronectin 1 microarray gene expression results. Graph compares
averaged normalized intensity values (+SEM) from four pairs of SWS port-
wine (P) and SWS normal (N) fibroblasts. A 1.4-fold increase in fibronectin 1
expression (*p < 0.01) was found in the SWS port-wine fibroblasts.

Table 3. Summary of fibronectin expression in SWS port-wine fibroblasts and brain tissue

Fibroblasts*

Brain tissuet

Microarray gene expression
RT-PCR gene expression
Western protein expression

1 Fibronectin 1 (1.4-fold)¥
1 Fibronectin 1 (2.0-fold)}
1 Fibronectin (1.3-fold)§

1 Fibronectin 1 (2.5, 1.9-fold)
1 Fibronectin 1 (2.7-fold)t
1 Fibronectin (1.7-fold)§

* Compares fibronectin expression in SWS port-wine skin—derived fibroblasts with SWS normal skin derived fibroblasts from same four individuals with SWS.
T Compares fibronectin expression in SWS cortical tissue with epilepsy cortex (microarrays) or with postmortem cortica tissue (RT-PCR and Western).

T Statistically significant differences p < 0.05.
§ Trend.
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Fibroblast Western and immunofluorescence results.
Western blot analysis of fibroblast protein isolates revealed a
consistent increase in fibronectin such that for all four pairs the
protein level of fibronectin was higher (average 1.34-fold) in
the port-wine—derived cultures than in the normal skin-derived
cultures (Fig. 3). These results approached but did not reach
statistical significance, however. Immunofluorescence assays
did not demonstrate any consistent differences in the anti-
fibronectin staining pattern (data not shown).

Brain microarray results. The full microarray data setsfrom
these experiments can be found at pc190-10.kennedykrieger.
org/microarraydata/. Analysis of expression ratios =1.8 or
=-1.8 in both brain array comparisons reveaed that the
expression of fibronectin 1 (ratios 2.5 and 1.9) and hexabra-
chion (ratios 2.0 and 1.7) were consistently increased in the
SWS cortical brain tissue compared with the surgical epilepsy
brain tissue. When the data sets were normalized by SNOMAD
to generate z scores, both fibronectin 1 (z scores = 5.9 and 6.2)
and hexabrachion (z scores 4.4 and 4.9) had z scores
consistently greater than 2, indicating significantly increased
gene expression in the context of the entire data set. In addi-
tion, SNOMAD normalization of the brain microarray data
revealed that expression levels of collagen type 1, a 1 (z scores
= 2.5 and 3.6), and nidogen (z scores = 2.3 and 3.0) were also
significantly increased. Glial acidic fibrillary protein expres-

Fibronectin
304 bP-} %’*“ - e e

P1 P2 P3 P4 N1 N2 N3 N4

Actin

296bp'------“-

P1 P2 P3 P4 N1 N2 N3 N4

Average Intensity Normalized

to Actin (arbitrarv units)
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sion was also increased in the two comparisons with ratios of
4.0 and 2.1 and z scores of 57.5 and 10.2. Genes encoding other
ECM molecules that were screened on the Incyte arrays,
including laminin and other collagen chains, were not regu-
lated in their expression.

Brain RT-PCR results. RT-PCR with cDNA from five SWS
brain tissue samples and four control brain samples confirmed
the increase in fibronectin (3.2-fold up-regulation; p = 0.01)
and hexabrachion mRNA expression (5.8-fold up-regulation; p
= 0.002; Fig. 4). In both cases, this relationship was un-
changed when the two oldest samples (postmortem control
samples C4 and C1) were removed from the analysis (fibronec-
tin: 2.0-fold increase; hexabrachion: 4.7-fold increase). There
was aweak negative correlation between the subject’s age and
the fibronectin and hexabrachion levels (r = —0.62 and —0.52,
respectively) that disappeared when the oldest subject samples
C4 and C1 were removed from the analysis (r = —0.06 and
—0.04, respectively).

Brain Western blot results. Western blot analysis of fi-
bronectin protein levels in the six SWS surgical brain samples
compared with the five postmortem controls demonstrated a
trend for a 1.7-fold increase in fibronectin that approached but
did not reach statistical significance (Fig. 5). A trend for a
1.4-fold increase in the protein levels of hexabrachion was

1.5 7

0.5 A

O_

Figure 2. Fibroblast RT-PCR results. The average fibronectin gene expression (=SEM) in SWS port-wine (P) and SWS normal (N) fibroblasts normalized to
actin expression is compared. There was a 2-fold increase in fibronectin (p = 0.03) expression in the SWS port-wine fibroblasts.
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Figure 3. Fibroblast Western blot results. Fibronectin protein levels (=SEM) from SWS port-wine (P) and SWS normal (N) fibroblasts normalized to actin
levels demonstrated a trend for a consistent increase in fibronectin protein expression in the port-wine—derived samples.
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Figure 4. Brain RT-PCR results. Fibronectin and hexabrachion gene expression (=SEM) in five surgical SWS cortical brain samples (S) were compared with
that in four postmortem control cortical samples (C). Increased gene expression of fibronectin (p < 0.05) and hexabrachion (p < 0.005) was found in the SWS

brain samples.
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Figure 5. Brain Western blot results. Fibronectin and actin protein expression in six surgical SWS cortica brain samples (S) compared with that in five
postmortem controls (C). Error bars indicate SEM. A trend for an increase in fibronectin protein levels was found in the SWS samples.

found in the SWS brain samples compared with the controls
(data not shown).

DISCUSSION

SWSisaunique human model of chronic brain ischemiaand
epilepsy. Functional brain imaging has demonstrated decreased
glucose metabolism and hypoperfusion of affected cortex (19,
20). It is hypothesized that the lack of normal cortical vessels
interacting with the overlying angioma produces stasis and
thrombosis, resulting in chronic ischemia of cortical tissue

(21). Global brainischemiais known to stimulate angiogenesis
(22), and secondary vascular proliferation has been suggested
to occur in SWS (8). However, the extent to which angiogen-
esis plays a role in SWS neurodegeneration and pathologic
changes is unclear.

In fibroblasts derived from the port-wine skin of individuals
with SWS, fibronectin gene expression was consistently in-
creased over that in fibroblasts from normal skin of the same
individuals with SWS. In addition, we found a trend for
increased protein expression that was consistent in all four
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pairs of SWS normal and port-wine fibroblasts. Our interpre-
tation of these data is that the port-wine—derived fibroblasts
likely have a somatic mutation that alters cellular function,
including an effect of elevated fibronectin gene expression.
Isolation of the fibroblast mMRNA at culture passage 6—7 makes
it unlikely that that the port-wine fibroblasts continued to have
altered patterns of gene expression as an artifact of their
isolation from abnormal skin tissue samples. If rather the
consistent difference in gene expression results from a somatic
mutation, then abnormal expression of fibronectin by mutated
perivascular fibroblasts could contribute to abnormal develop-
ment and innervation of blood vesselsin SWS. Normal karyo-
types, athough unrevealing, do not negate the possibility of a
somatic mutation in SWS. In addition, angiogenesis studies
with SWS port-wine fibroblasts could elucidate further the
pathogenic processes involved in SWS.

Theincreased SWS brain expression of fibronectin, hexabra-
chion, and glial acidic fibrillary protein, however, probably
results from a response of the brain to chronic ischemia.
Increased fibronectin expression may contribute to blood ves-
sel proliferation and brain degeneration in SWS. We included
surgical epilepsy brain samples to control for the effect of
repeated seizures and anticonvul sants on gene expression, and
thus the increased fibronectin expression is likely due, at least
in part, to the brain’s response to chronic brain hypoxia.

It is important to note some limitations in the data presented
here. The fibroblast protein analysis performed did not include
measurement of the fibronectin present in the culture media.
Because of limited availability, the sample sizes used were
small. Furthermore, identifying closely matched controls for
the studiesin brain tissue is particularly difficult. More work is
needed to localize further the increases in fibronectin and other
ECM molecules in brain tissue and to understand their role in
the pathogenesis of SWS.

Studies in rat coronary and retinal tissue (11, 23) demon-
strate that increased fibronectin expression coincides with
blood vessel tube formation and that fibronectin expression
decreases during blood vessel maturation. Normal embryonic
brain vascularization begins with aprimordial plexus of vessels
in the subarachnoid space followed by formation of the pial
intrinsic plexus and the penetrating vessels. A complex process
of vascular remodeling follows to produce a mature network of
meningeal and cortical vessels (24, 25). Disrupted regulation of
fibronectin expression during development could contribute to
forming the hypoplastic cortical vessels and the SWS menin-
geal angioma.

Furthermore, fibronectin has been shown to have potent
effects on sympathetic nerve outgrowth and vessel innervation
(26, 27). Cunha e Sa et al. (28) demonstrated that malformed
cortical vessels in SWS are innervated only by noradrenergic
sympathetic nerve fibers. In addition, blood vessels in port-
wine stains have been shown to lack innervation (29, 30). We
speculate that abnormal regulation of fibronectin expression
during vascular development could have a potential role in
producing the abnormal vascular innervation found in SWS
tissues.

Mitsuhashi et al. (14) demonstrated more prominent fi-
bronectin staining around dilated capillary and venous vessel
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walls in port-wine skin samples than in controls. These find-
ings were thought to represent secondary changes in the basal
lamina of the abnormal port-wine blood vessels, perhaps re-
flecting the effect of progressive dilation. Our results in SWS
port-wine fibroblasts suggest a potential role for fibronectin in
the pathogenesis of the lesion, as well. Studies that would
compare directly the pathology and gene expression in SWS
and non-SWS port-wine stains are presently lacking; however,
on the basis of their clinical similarity, the two lesions have
been presumed to result from similar pathogenic mechanisms.

In the brain, fibronectin and hexabrachion expression are
rapidly induced in response to seizures and are thought to
contribute to long-term potentiation (31, 32). Increased levels
of fibronectin and hexabrachion have aso been demonstrated
in response to focal CNS injury and may contribute to the
formation of glial scarring (33, 34). In contrast, after acute
ischemic brain injury, fibronectin is thought not to be ex-
pressed in the wounded tissue (35). Very little is known
regarding fibronectin expression in response to chronic brain
hypoxia. The use of fibronectin for the treatment of stroke has
been suggested; however, issues of effective delivery and
mechanistic questions remain (36).

CONCLUSION

In conclusion, differences in the expression of fibronectin in
port-wine stain fibroblasts and cortical brain samples suggest a
role for fibronectin in the pathogenesis and pathology of SWS.
Children with SWS can be identified in the first year of life,
before the development of fixed and progressive neurologic
deficits. Thus, it is imperative that translational studies that
may lead to the development of future neuroprotective strate-
gies continue. It is expected that an increased understanding of
the underlying pathogenesis and pathophysiology of SWS will
eventually suggest new approaches to clinical interventions.
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