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Abstract

To better understand the interactions of cells derived from meningeal tissues with the surfaces of devices used for the treatment of
central nervous system disorders, the behavior of primary postnatal day 1 rat meningeal cultures was evaluated on biomaterials of
differing surface chemistry. Meningeal cultures in serum containing media were analyzed for attachment, spread cell area,
proliferation, the production of extracellular matrix (ECM), and neuronal outgrowth. In general, both cell attachment as well as cell
spread area decreased with increasing substrate hydrophobicity, whereas cell division as indicated by BrdU incorporation and time
to confluence, was lower on the most hydrophobic materials. We suggest that such differences immediately after cell seeding were
most likely mediated by differences in surface adsorption of proteins. In longer-term experiments, most of the materials were
colonized by meningeal cultures irrespective of surface chemistry, and all cultures were equally inhibitory to neuronal outgrowth
suggesting that over time, cells can modify the substrate perhaps by secretion of extracellular matrix molecule proteins. Our data
suggests that cell type-specific differences in response to different biomaterials may play an important role in determining the
ultimate nature and composition of the CNS at the host-biomaterial interface. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A variety of devices are being investigated for treating
central nervous system (CNS) disorders including
drainage shunts, catheters, dural substitutes, stimulating
and recording electrodes, cell encapsulation devices and
nerve guidance channels. Regardless of the application,
currently available biomaterials elicit a similar inflam-
matory and scarring response that includes macro-
phages, microglia, endothelia, astrocytes, fibroblasts,
and meningeal cells [1-5].

The meninges form a protective sheathing structure
surrounding the brain and spinal cord composed of the
outermost dura mater, the intermediate arachnoid
mater, and the internal pia mater [6]. The cells of the
meninges contain tight junctions [7-9], and establish a
glia limitans with the interdigitating astrocytic endfeet of
the underlying brain tissue [4]. They secrete an
abundance of extracellular matrix (ECM) and have
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been proposed to serve blood brain barrier functions
[8,10,11].

Implantation of biomaterials into the brain and spinal
cord disrupts the integrity of the meninges, eliciting a
scarring response characterized by increased matrix
production as well as division and migration of
meningeal cells within the lesion cavity and surrounding
the implant interface [1-3,12,13]. Reactive cell coloniza-
tion of materials implanted in the CNS is known to alter
device performance by blocking flow in drainage shunts,
catheters, cannulas, and infusion pumps [14-16], creat-
ing impedance barriers to recording electrodes [17,18],
and perhaps fouling dialysis probes and cell encapsula-
tion membranes. In addition, normal wound-healing
processes can inhibit neurite extension in nerve guidance
and regeneration devices [3,19-21].

At present little is known about the response of the
cells of the meninges to biomaterials used in CNS
applications. Previously, we examined the interactions
of astrocytes, which are known to be a major
component of the CNS scar, on surfaces of differing
chemistry [22]. To build upon this work and perhaps
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shed light on the impact of normal CNS wound healing
on device performance, we examined the interactions of
meningeal cultures using model surfaces of differing
chemistry. For our studies, we developed and character-
ized a meningeal culture system derived from the
meninges of postnatal rat brains, and evaluated its
cellular composition over time by counting the relative
abundance of astrocytes, macrophages, microglia, en-
dothelial cells, smooth muscle cells and neurons.
Meningeal cultures were then plated on biomaterial
surfaces in dilute serum-containing medium to study
cell-material interactions. We report on differences in
cellular composition, cell adhesion, cell spread area, cell
proliferation, the deposition of extracellular matrix with
time in culture, and compare the behavior of meningeal
cultures to that of astrocyte cultures grown on similar
surfaces.

2. Materials and methods
2.1. Meningeal culture preparation

Meningeal tissue was carefully peeled from the surface
of postnatal day 1 rat brains under a stereomicroscope,
and collected in a droplet of L15 medium (Gibco). The
dissected tissue was minced, and digested in 0.5%
collagenase (Sigma) in DMEM for 30 min. Following
centrifugation at 600¢g for Smin, the supernatant was
removed, and resuspended in a solution of 0.06%
trypsin/EDTA (Sigma) for 30 min. The resulting solu-
tion was centrifuged again, and resuspended in 0.1%
DNAse (Worthington) in DMEM-FBS (DMEM with
10% fetal bovine serum, 2mMm glutamine, and 25 pg/ml
gentamicin). The solution was sequentially titurated
through a fire-polished pasteur pipette, and a 1cm?’
syringe with 21 and 23 gauge needles. The resulting cell
suspension was centrifuged for Smin at 1000¢, resus-
pended in DMEM-FBS, counted using a hemacyto-
meter, and plated onto coverslips.

2.2. Cellular composition of the meningeal cultures

Although meningeal cells stain positively for a variety
of cytoskeletal and ECM proteins, including vimentin
and fibronectin, there are no available meningeal specific
markers [23-25]. To determine the types and quantity of
cells present in the meningeal cultures, known cell-
specific markers were used. Sterilized tissue culture
grade plastic (TCP; Sarstedt), glass, and polymeric thin-
film coverslips, were placed into 24 well plates (ultralow
protein binding; Costar) containing 0.5 ml of DMEM-
FBS. Approximately 5000 meningeal cells were plated
on each coverslip, incubated at 37°C, fixed after 24 h and
upon reaching confluence. Cell populations at two time
points were characterized using immunofluorescence

with cell-specific markers: neuronal cells were identified
with SIII tubulin (mouse IgG2b; Sigma); endothelia
with rat endothelial cell antigen (RECA-1, mouse 1gG1;
Serotec) [26]; smooth muscle cells with desmin (mouse
IgG1; Chemicon) [27]; astrocytes with GFAP (bovine
IgG; Dako); and, macrophages and microglia by Ep-1
(mouse IgG1; Serotec) [28].

Cells were fixed in 4% (w/v) paraformaldehyde,
permeabilized with 0.5% Triton in PBS for 2min for
intracellular antibodies, and treated by sequential 1h
steps of primary and secondary antibodies. Primary
antibodies were diluted 1:1000 in Hank’s balanced salt
solution containing 0.05% (w/v) sodium azide and 5%
heat-inactivated donor calf serum (Gibco), buffered to
pH 7.4 with HEPES (Sigma). Secondary antibodies were
diluted 1:200 in Hanks balanced salt solution, which
included goat anti-mouse IgG2b FITC (Southern
Biotechnology Associates) for PIII tubulin, or goat
anti-rabbit IgG(H+ L) Alexa 594 (Molecular Probes)
for GFAP, or goat anti-mouse IgGl Alexa 594
(Molecular Probes) for desmin, RECA-1, and ED-I1.
All cells were counterstained by the nuclear dye 4,6-
diamidino-2-phenylindole, dihydrochloride (DAPI; mo-
lecular probes). Following a final wash in distilled water,
the various materials were placed on a glass slide, coated
with fluoromount-G (Southern Biotechnology Associ-
ates) and covered with a glass coverslip. Cells were
viewed using a Nikon Eclipse E600 microscope
equipped with phase-contrast optics, epifluorescent
illumination, and selective filters. The percentage of
positively stained cells for each cell marker was
determined at 24h and at confluence by counting 21
predetermined fields from each of two coverslips.

2.3. Co-culture of neurons on confluent meningeal
cultures

Confluent meningeal cultures were examined for their
ability to support neurite outgrowth of peripheral and
central neurons. Cells derived from the meninges were
isolated and plated at a density of approximately 5000
cells per coverslip as described above. Meningeal
cultures were grown to confluence, then co-cultured
with either dorsal root ganglion (DRG) neurons, or
cerebellar granule neurons (CGN), in serum containing
media. DRG neurons were isolated from postnatal day
1 rat pups, while CGNs were derived from postnatal day
8 rat pups, as described previously [29]. Co-cultures were
fixed after 24 h in 4% paraformaldehyde, digital images
were captured, and neurite outgrowth was measured
using computer-assisted image analysis. Neurite out-
growth was estimated by measuring the longest process
from each cell body. For control model surfaces, DRG
neurons were cultured on laminin-coated (20 pg/ml;
Gibco) TCP coverslips, and CGNs were cultured on L1
(100 pg/ml; gift from Acorda Therapeutics Inc.,
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Hawthorne, NY) adsorbed to unmodified polystyrene.
Neurite outgrowth on the meningeal monolayer is
reported as the percentage of outgrowth on the relative
model surfaces.

2.4. Biomaterial preparation and characterization

Polymer-coated glass coverslips were produced from
polymer solutions using a spin coating apparatus. Prior
to polymer application, the coverslips (13 mm diameter;
Baxter) were cleaned by sequential rinses of distilled
water, 95% ethanol, distilled water, and acetone, then
blown dry with filtered nitrogen. The following polymer
solutions were used: 10% (w/v) cellulose acetate (CA)
dissolved in acetone, 6% (w/v) polyacrylonitrile-poly-
vinyl chloride (PAN-PVC) dissolved in DMF/acet-
one(1:1), 10% (w/v) polyether sulfone (PES) dissolved
in NNP, 5% (w/v) polyethylene vinyl acetate (PEVAC)
dissolved in methylene chloride, 5% (w/v) polypropy-
lene (PP) dissolved in hot decalin, 15% (w/v) polystyr-
ene (PS) dissolved in toluene, and 2% (w/v) Tecoflex
(TECO) dissolved in methylene chloride. A drop of
solution was placed in the center of the coverslip, then
spun to create a thin-film covering. Spin speed and
duration for each solution were optimized for uniform
coating. The thin-film coverslips were dried overnight at
70°C to evaporate the solvents. Untreated glass (Baxter)
and TCP coverslips were used as comparative surfaces.
All coverslips were sterilized in 70% ethanol and rinsed
with double distilled water prior to cell culture. Thin
films were analyzed by contact angle using the sessile
drop method and characterized by attenuated total
reflection-fourier transform infrared (ATR-FTIR) spec-
troscopy.

2.5. Adhesion, cell spread area, surface coverage,
and proliferation

For measurement of cell adhesion, cell spread area,
and proliferation, approximately 5000 cells were plated
on the sterilized thin-film coverslips, as described above.
Cells were fixed with 4% paraformaldehyde at 24 h for
cell adhesion and cell spread area, and visualized using
rhodamine phalloidin (Molecular Probes) counter-
stained by DAPI for examination of the actin cytoske-
leton, and quantification of cell number. Representative
images were captured using a digital camera, and area
measurements were calculated using computer-assisted
image analysis. Cell surface coverage was measured by
dividing the total cell area by the area of the field of
view. Cells were treated with 10pum S5-bromodeoxyur-
idine (BrdU) for 4h prior to fixation with 4%
paraformaldehyde at 48h for estimation of cell pro-
liferation as measured by the percentage of cells
undergoing DNA synthesis [30].

2.6. Expression of extracellular matrix

Approximately 5000 cells were plated onto each
coverslip, as described above. Cells were fixed with 4%
paraformaldehyde at three time points, 48h after
plating, at confluence, and 7 days after reaching
confluence. Indirect immunohistochemistry was used
to analyze the expression of cellular fibronectin (mouse
IgM; Sigma), type I collagen (rabbit IgG; Chemicon),
and chondroitin sulfate proteoglycan (CS56, mouse
IgM; Sigma). The method was performed as previously
described, and representative images were captured with
a digital camera. Secondary antibodies included goat
anti-rabbit IgG(H+ L) Alexa 594 (Molecular Probes)
for collagen, and goat anti-mouse IgM Texas Red
(Southern Biotechnology Associates) for cellular fibro-
nectin and CS56.

2.7. Statistical analysis

Data for cell populations on the different materials,
including cellular composition, cell attachment, cell
spread area, BrdU incorporation, and neuronal out-
growth were analyzed by ANOVA using Tukey’s
method for multiple comparisons with a p value
<0.05 defined as significant. All data are reported as
the mean + the standard error of the mean.

3. Results
3.1. Composition of meningeal cultures on TCP

To establish a meningeal culture system, we plated
cells derived from the meninges on TCP coverslips in
dilute serum-containing medium. Cells attached to the
tissue culture treated surfaces, and readily reached
confluence. We evaluated the cellular composition of
the meningeal cultures on TCP 24 h after plating and
upon reaching confluence to determine the amounts and
the relative abundance of the different types of cells
present in the meningeal culture. As there are no
available meningeal cell-specific markers, the cultures
were characterized for the presence of known cell types
contained within the extracted meningeal tissue, includ-
ing neurons, endothelial cells, smooth muscle cells,
astrocytes, macrophages and microglia. All vimentin-
positive cells that did not stain for known markers were
assumed to be meningeal fibroblasts. Fig. 1 shows the
percentage of each cell type present on TCP 24 h after
plating and at confluence. At 24 h the bulk of the culture
was composed of fibroblasts, as less than 14% of the
cells labeled positively for various cell-type-specific
markers.

Of the labeled cell types, ED-1 positive macro-
phages and microglia formed the largest group, at
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Fig. 1. The cellular composition of meningeal cultures on TCP, at
24h, and at confluence. Using cell-specific markers, cultures were
examined for the presence of other non-meningeal cell types contained
within the extracted meningeal tissue. Five markers were used,
including ED-1 for macrophages and microglia, GFAP for astrocytes,
desmin for smooth muscle cells, RECA-1 for endothelial cells, and SIII
tubulin for neurons. The number of positively labeled cells for each
marker is reported as the percentage of the total cell number + SEM.

approximately 7% of the total population. GFAP-
labeled astrocytes were second highest at approximately
4%, followed by desmin positive smooth muscle cells,
RECA-1 positive endothelial cells, and SIII tubulin-
labeled neurons. Cells that did not stain for the cell-
specific markers were vimentin positive and generally
had a fibroblastic morphology, ovoid nuclei, polygonal
shape and well-developed actin stress fibers (data not
shown). Several distinct size classes could be distin-
guished under phase contrast microscopy. At confluence
the percentage of fibroblasts increased, as the percent of
cell-type-specific labeled cells dropped to less than 4% of
the total cell number, with only ED-1 positive macro-
phages and microglia present above 1% of the total
population, at just over 2%.

3.1.1. Meningeal ECM production on TCP
Extracellular matrix was examined on fixed cells at
48h after plating, at confluence, and 7 days after
reaching confluence with antisera against cellular
fibronectin (CFN), type I collagen, and chondroitin
sulfate proteoglycan (CSPG). Fig. 2 shows the expres-
sion pattern for all three proteins, with increased matrix
production associated with longer time in culture. In
general, cells formed thick fibrillar networks of fibro-
nectin that covered the entire culture surface. Type I
collagen increased in relative abundance over time with
locally dense bundle formation. CSPG matrix expres-
sion remained diffuse and punctate, but increased in
relative amount and distribution with time in culture.

3.1.2. Co-culture of neurons on meningeal cultures
Matrix deposition and meningeal cell colonization at
the host/implant interface can compromise the perfor-
mance of many types of implantable CNS devices. This
is especially serious with bridging technology where
reduced neurite outgrowth by colonization of reactive

meningeal and glial cells may occur. In order to
determine the effects of meningeal-coated substrates on
neuron outgrowth, we co-cultured two neuronal cell
types, peripheral dorsal root ganglion (DRG) neurons
and central cerebellar granule neurons (CGN) on
confluent meningeal cultures grown on TCP. For
control model surfaces, TCP was coated with laminin
for DRG neurons, and PS was coated with L1 for
CGNs. Fig. 3 shows neurite outgrowth for DRG
neurons and CGNs as a percent of control outgrowth
on the respective model surface. When grown on the
meningeal cultures, both neuronal types showed sig-
nificant decreases in outgrowth when compared to
control (p <0.05). Meningeal cultures supported periph-
eral DRG growth at 80% of the outgrowth on laminin-
coated TCP, while neurite outgrowth for central
neurons was much poorer, as CGNs measured only
33% of controls grown on the L1 adsorbed TCP.

3.2. Biomaterial characterization by contact angle and
FTIR

Biomaterial-coated coverslips were fabricated by a
spin-coating process as previously described [22]. The
biomaterials were analyzed by surface contact angle and
FTIR. Contact angle measurements reflected differences
in the hydrophobic nature of the various chemistries as
displayed in Table 1. In addition, FTIR analysis (data
not shown) confirmed the differences in chemical
identity of the various polymeric coatings employed,
as previously shown [22].

3.3. Cellular composition on the biomaterials

To assess differences in cellular composition from
those observed on TCP, meningeal cultures on the
various biomaterials were examined 24 h after plating
and upon reaching confluence. A total of 42 visual fields
were counted from representative coverslips at both time
points for each cell type specific marker. This method
yielded average DAPI-positive total cell counts for each
marker set of 1130 cells at 24h and 8770 cells at
confluence on TCP. Total cell counts on the other
materials differed depending upon initial cell adhesion
and proliferation rates. Surface chemistry did not
appear to affect the cellular composition at 24h, as
similar cell percentages were observed for meningeal
cultures on all of the biomaterials examined, with no
statistical deviations from values on TCP as displayed in
Table 2. Although the rate of cell growth varied,
cultures readily grew to confluence within 1-2 weeks
of plating on all of the surfaces, except PES, PS, and PP,
which supported patchy areas of adherent cells. Cell
percentages at confluence on the materials were also
similar to TCP, with statistical differences only in the
percentage of ED-1 positive cells. Cell populations
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Fig. 2. Extracellular matrix expression by meningeal cultures on TCP. Cells were plated at low density, fixed after 48 h, upon reaching confluence,
and 7 days after reaching confluence, then labeled for cellular fibronectin (CFN), type I collagen, and chondroitin sulfate proteoglycan (CSPG).
Individual cells are distinguished by their DAPI stained, gray ovoid cell nuclei.

grown on surfaces requiring longer culture time to reach
confluence than TCP (CA, TECO, PAN-PVC), showed
higher percentages of ED-1 positive cells. Nonetheless,
the average percentage of adherent fibroblasts on all of
the materials supporting confluent growth remained at
around 90% (see Table 2). Results from the two time
points suggested an initial population of greater than
85% fibroblasts that increased in purity with time in
culture, and which was not significantly affected by the
surface chemistry of the underlying biomaterial.

3.4. Cell attachment to biomaterials

Cells were plated at a density of 5000 cells per
coverslip in DMEM-FBS on the materials. Cells were

incubated for 24 h, fixed in 4% paraformaldehyde, and
stained with DAPI to visualize nuclei for counting.
Fig. 4(A) shows the number of attached cells on the
various materials listed in order of increasing hydro-
phobicity. Twenty-four hours after plating, a general
decrease in cell adhesion was observed with increased
material hydrophobicity. Attachment was significantly
lower (p <0.05) than on TCP for all the materials except
CA. Data analysis showed statistically significant
differences between groups of low (TCP and CA),
moderate (TECO, PES, PAN-PVC, PEVAC), and high
(PS and PP), hydrophobicity. The least hydrophobic
materials supported the highest levels of cell attachment,
including glass, TCP, and CA, while the more moder-
ately hydrophobic materials of TECO, PES, PAN-PVC,
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Fig. 3. Neurite outgrowth of dorsal root ganglion (DRG) and
cerebellar granule neurons (CGN) cultured on confluent meningeal
monolayers on TCP. (A) Neuronal outgrowth on the meningeal
monolayer is reported as the percentage of outgrowth on a control
surface. For controls, neurons were cultured on laminin-coated TCP
for DRG neurons, and on L1-coated PS for CGNs. Neurite outgrowth
for neurons in all conditions was measured after 24 h in culture. (B)
CGNs on a meningeal cell monolayer. Neurons are stained in red by
PIII tubulin, meningeal cells in green for the expression of cellular
fibronectin, and cell nuclei are stained in blue by DAPI. (C) DRG
neuron on a meningeal cell monolayer. The neuron is stained in red by
PIII tubulin, meningeal cells in green for the expression of cellular
fibronectin, and cell nuclei are stained in blue by DAPI.

and PEVAC supported less cell adhesion. PP and PS,
the most hydrophobic materials, supported only mini-
mal cell attachment.

3.4.1. Cell spread area and surface coverage on
biomaterials

Cell spread area measurements on the various
materials were taken 24h after plating. Cells were
stained with rhodamine phalloidin to visualize the actin
cytoskeleton, digital images were captured, and cell
spread area was calculated using computer-assisted
image analysis. Fig. 4(B) shows that cell spread area
on the various materials followed a similar pattern to
that for cell attachment. With the exception of TECO,
cell spread area decreased with increasing substrate
hydrophobicity. Statistical analysis revealed the pre-
sence of three groups. TCP supported the greatest cell
spread area and was statistically higher than any of the
other surfaces. The second group consisted of glass, CA,
PES, and PAN-PVC, and was followed by a group of
TECO, PEVAC, PP, and PS, that supported the lowest
cell spread area. Surface coverage measurements on
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Table 1
Materials and contact angles

Material Contact angle
Glass 35
Tissue culture plastic (TCP) 49
Cellulose acetate (CA) 52
Tecoflex (TECO) 63
Polyether sulphone (PES) 64
Polyacrylonitrile-polyvinyl chloride (PAN-PVC) 67
Polyethylene vinyl acetate (PEVAC) 75
Polystyrene (PS) 87
Polypropylene (PP) 95

TCP showed that meningeal cultures covered only 3%
of the total substrate area after 24 h in cultures.

3.4.2. Cell proliferation on biomaterials

The percentage of cells undergoing division, as
measured by the incorporation of BrdU into their nuclei
during DNA synthesis, was used as an indicator of
meningeal cell proliferation. Fig. 4(C) shows the per-
centages of cells incorporating BrdU, which ranged
from 33% to 62%. Only division on PS and PP was
significantly different from that on TCP. Cells prolifer-
ated and readily grew to confluence within 1-2 weeks on
all of the materials, except PES, PS, and PP, for which
only patchy growth and restricted areas of confluence
were observed. At the initial plating density of 5000 cells
per coverslip, the low initial cell attachment, combined
with low proliferation, may account for the lack of
widespread confluence on these materials.

3.4.3. ECM expression on biomaterials

The deposition of extracellular matrix by the menin-
geal cultures was evaluated on each material. Roughly
5000 cells were plated and cultures were fixed 48 h after
plating, at confluence, and 7 days after reaching
confluence, and evaluated for the expression of cellular
fibronectin (CFN), type I collagen, and chondroitin
sulfate proteoglycan (CSPG). Figs. 5-7 show represen-
tative images of ECM production on four representative
surfaces. Although positive staining was observed for all
three matrix components at the 48h time point,
compared to TCP, differences were apparent in the
expression patterns on the polymers. Fibronectin
expression appeared to coincide with cell spread area.
Well spread cells, on the hydrophilic surfaces, displayed
a more developed fibrillar matrix than cell populations
growing on the hydrophobic materials. Type I collagen
and CSPG were only diffusely expressed at 48 h, with no
fibril formation. Matrix expression increased with time
in culture for all of the materials. In general, fibronectin
was expressed in thick fibrillar bundles, regardless of the
underlying surface chemistry (Fig. 5). Type I collagen
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Time points 24 h ED-1 GFAP DESMIN RECA-1 BUI tubulin
and confluence
Glass 24h 8.5+ 0.82 3.0+ 043 1.8 +0.49 1.4 +0.40 <0.1
5 days 2.7+ 0.38 0.4 4+ 0.05 0.1 +0.03 0.2 4 0.04 <0.1
TCP 24h 7.2 +£0.90 4340.72 0.4 4+0.20 1.34+0.42 <0.1
5 days 2.340.31 0.7 +£0.10 0.440.15 0.240.04 <0.1
CA 24h 4.7+ 1.42 0.4 +0.19 1.44+0.79 0.4 4+ 0.40 <0.1
11 days 9.5+ 1.69 0.8 +0.55 0.7 +£0.37 1.4 4+ 0.66 <0.1
TECO 24h 12.0 +1.82 5.1 +1.51 2.8 +1.10 0.7 +0.40 <0.1
12 days 15.0 +£2.02 2.1 +£0.66 1.1 +£0.37 0.7 +0.40 <0.1
PES 24h 7.6 +2.13 1.9+ 0.80 2.0 +0.86 0.6 + 0.60 <0.1
N/A
PAN-PVC 24h 534+ 1.26 4.2 4+0.79 2.8 +0.62 0.8 +0.54 0.2+0.24
8 days 104 +1.17 0.94+0.21 1.0 +£0.21 0.3 +0.08 <0.1
PEVAC 24h 1234+ 2.13 4.0 4+ 0.80 2.1 +£0.86 0.4 4+ 0.60 0.4 40.10
8 days 7.1 +191 1.2 +0.30 0.2+0.12 0.5+0.18 <0.1
PS 24h 8.2 4+2.28 394+1.52 2.6 +1.36 1.2+0.74 <0.1
N/A
PP 24h 4.0+ 1.88 2.0 +0.84 1.3+0.73 0.7 +£0.75 <0.1
N/A

and CSPG were also expressed in greater amounts at
confluence (Figs. 6 and 7, respectively). In the week
following confluence, a dramatic increase in matrix
production was observed on all of the materials. Fig. 6
shows that type I collagen increased in relative
abundance with locally dense bundle formation,
whereas CSPG matrix expression remained diffuse and
punctate (Fig. 7), but increased in relative amount and
intensity with time in culture.

3.5. Co-culture of neurons on meningeal colonized
biomaterials

When peripheral DRG neurons and central CGNs
were co-cultured on meningeal monolayers on all of the
materials, both neuronal types showed significant
decreases in outgrowth when compared to control
(p<0.05). Fig. 8 shows neurite outgrowth for DRG
neurons and CGNs as a percent of control outgrowth on
the representative model surfaces. Although outgrowth
of DRG neurons on the meningeal cultures was
statistically longer on glass than on PAN-PVC or
PEVAC, none of the surfaces were statistically different
from outgrowth on the TCP meningeal culture. Out-
growth of CGNs on the meningeal cultures did not
appear to be affected by the underlying material, as
statistical differences were not observed.

4. Discussion

A number of biomedical devices are being used, or are
being developed, for the treatment of CNS disorders,
including shunts, catheters, stimulating or recording
electrodes, cell encapsulation membranes, dialysis
probes, and nerve guidance devices. Many of these
devices come in contact with the meninges either during
surgery, where the device may penetrate the tissue, or be
more permanently in contact, as for example, electrodes
that are fixed to the skull and penetrate into the brain.
Disruption of the meninges in such a manner is known
to elicit a host reaction characterized by meningeal cell
migration to the wound site, followed by the upregula-
tion of matrix expression, and colonization of the host/
implant interface [1-3,12,13]. Cell attachment and
matrix deposition by reactive cells types such as
meningeal fibroblasts may compromise the effectiveness
of many types of implantable devices, and evidence of
meningeal-related device failures have been reported in
the literature [3,14-19,21].

The ability to influence cell behavior at the host/
biomaterial interface may prove useful in the optimiza-
tion of devices used in the treatment of CNS disorders.
For example, a material surface supporting low menin-
geal cell adhesion may decrease or at least slow down
cell-related obstruction of hydrocephalic shunts and
catheters, or may improve the performance of nerve
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Fig. 4. Adhesion, cell spread area, and BrdU incorporation of
meningeal cultures on different biomaterials. The materials are ordered
from left to right as a function of increasing contact angle with water.
(A) Adhesion of cells to different materials 24 h after plating. Cell
number is expressed as cells per square millimeter + SEM. (B) Cell
spread area of cells of the meninges on different materials 24 h after
plating. Cells were labeled by rhodamine phalloidin for visualization of
their actin cytoskeleton, and spread area was measured using digital
images and computer-assisted analysis. Cell area is expressed in square
micrometers + SEM. (C) BrdU incorporation by meningeal cultures.
Cells were pulsed for 4 h with 10 um Brd U prior to fixation of 48 h. Cell
nuclei incorporating BrdU were visualized using an anti BrdU
antibody with a fluorescently tagged secondary. The number of BrdU
positive cells is expressed as a fraction of the total cells per
field + SEM.

regeneration devices by reducing meningeal coloniza-
tion. Cells derived from meningeal tissues have not been
studied on biomaterials, which may in part be due to the
heterogeneity of cell types present and the lack of
meningeal fibroblast cell type specific markers. As a
menigeal culture model has not been previously
described, we set out to establish a culture system using

postnatal day 1 rat meningeal tissues by first examining
cell type composition. Such cultures contained greater
than 85% vimentin-positive, fibroblast-like cells after
24h in culture on TCP. As the culture aged, the
percentage of other cell types including neurons,
endothelial cells, smooth muscle cells, astrocytes,
macrophages, and microglia decreased until confluence
was reached, at which time the cultures contained less
than 4% of these cell types as determined by subtraction
using cell type specific markers.

Meningeal cultures as initially studied covered be-
tween 3 and 5% of the various surfaces at 24h. In
general on most of the materials examined, within 8
days the cells had reached confluence and expressed a
complex ECM composed of fibronectin, collagen, and
CSPG. The monolayer contained intercellular contacts
with abundant actin stress fibers capable of exerting
tension that would cause the cell layers to contract and
peel off the surface after extended time in culture. This
ECM-rich, confluent culture contains similar properties
to the reactive cell sheath that forms in response to
injury and surrounds implanted biomaterials in the
CNS.

To better characterize the effects of meningeal-derived
cells on CNS-based devices, we examined the interac-
tions of meningeal cultures with a number of medically
relevant biomaterials. Cultures on the materials were
first analyzed for changes in cellular composition by
comparision with TCP. Overall, polymer surface chem-
istry did not significantly affect the percentage of cell
types in adherent cultures at 24h or at confluence.
Statistical differences in cell behavior on the various
materials were evident after 24h in culture. Cell
attachment and spread area decreased with increasing
substrate hydrophobicity, whereas cell division was
statistically lower on the most hydrophobic materials
examined. Approximately 30-60% of cells incorporated
BrdU suggesting that a large proportion of the cells were
engaged in cell division.

Our observations of meningeal behavior as a function
of substrate hydrophobicity are similar to those
previously reported for other cell types. Attachment
and spread cell area of fibroblasts and endothelial cells
were greater on hydrophilic relative to hydrophobic
surfaces with moderately hydrophobic surfaces support-
ing the highest levels of cell attachment [31-33]. Similar
results were observed for cells grown on materials of
varying hydrophobicity, and on hydrophobic gradients
established on single materials. A correlation between
cell spread area and proliferation has also been reported
in the literature. Studies of capillary endothelial cells
grown on fibronectin-coated beads and planar sub-
strates showed that decreased cell spread area correlated
with decreased proliferation and apoptosis [34]. Our
data support these findings, as PP and PS, supported the
lowest cell spread area and cell proliferation.



M .E. Manwaring et al. | Biomaterials 22 (2001) 3155-3168 3163

48 Hours Confluence

PAN-PVC

4

Fig. 5. Cellular fibronectin expression by meningeal cultures on selected materials at three time points. Cells were plated at low density, then fixed
after 48 h, upon reaching confluence, and 7 days after reaching confluence. Cellular fibronectin is visualized using immunofluorescence. Cell nuclei,

marked by DAPI, appear as gray ovals.

It is well accepted that cell interaction with materials
is largely governed by the nature of the adsorbed
proteins at the interface of the material. Varying levels
of protein adsorption have been reported on synthetic

materials [35]. For example, serum proteins such as
fibronectin and vitronectin have been shown to regulate
cell attachment and cell spreading [36,37]. Initially, the
properties of a naive substrate direct the amount and
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Fig. 6. Type I collagen expression by meningeal cultures on selected materials at three time points. Cells were plated at low density, then fixed after
48 h, upon reaching confluence, and 7 days after reaching confluence. Type I collagen is visualized using immunofluorescence. Cell nuclei, marked by

DAPI, appear as gray ovals.

activity of adsorbed proteins [38,39]. Differences in cell
behavior result from differences in amount of adsorbed
proteins as well as their biological activities, which may
be influenced by surface-induced conformational
changes [40]. While we do not provide any direct

information to support either hypothesis we suspect
that each contributes to the acute differences that we
observed in meningeal cell behavior.

An additional factor that can influence cells at
material surfaces is the ability to modify surface proteins
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Fig. 7. Chondroitin sulfate proteoglycan (CSPG) expression by meningeal cultures on selected materials at three time points. Cells were plated at low
density, then fixed after 48 h, upon reaching confluence, and 7 days after reaching confluence. CSPG is visualized using immunofluorescence. Cell
nuclei, marked by DAPI, appear as gray ovals.

through secretion and remodeling of ECM. Meningeal and CSPG, irrespective of the biomaterials examined.
cells express a number of ECM proteins, including Matrix production increased with time in culture, and
fibronectin, laminin, collagen, and CSPG [23,25,41,42]. culminated in the formation of a dense carpet-like
In our studies, meningeal cultures also produced a network of cellular fibronectin and type I collagen, with

complex matrix of cellular fibronectin, type I collagen, interdispersed, punctate deposits of CSPG. Coupled
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Fig. 8. Neurite outgrowth of dorsal root ganglion (DRG) and
cerebellar granule neurons (CGN) cultured on confluent meningeal
monolayers on selected materials. Neuronal outgrowth on the
meningeal monolayers is reported as the percentage of outgrowth on
a control surface. For controls, neurons were cultured on laminin-
coated TCP for DRG neurons, and on Ll-coated PS for CGNs.
Neurite outgrowth for neurons in all conditions was measured after
24h in culture.

with protein adsorption from the culture media, this
supportive matrix enabled meningeal cells to reach
confluence eventually on most of the materials, regard-
less of underlying surface chemistry. Meningeal cultures
expanded from coverage of 3% or lower to full coverage
on materials in a little over a week on average.

We used the culture system as a model to examine the
influence of meningeal cells on neuronal outgrowth. Our
data indicated that meningeal monolayers inhibited
neurite outgrowth of both peripheral and central
neurons irrespective of the chemical nature of the
underlying substrate. While both neuronal cell types
were inhibited by the meningeal substrate, the degree of
inhibition was much greater for the centrally derived
CGN:s. This is likely due to cell-specific sensitivity to the
secreted ECM, which is rich in fibronectin, collagen, and
CSPG. While fibronectin has been shown to promote
neurite outgrowth from PNS, it is not the preferred
substrate for CNS-derived neurons [43], CSPG is known
to inhibit growth of a wide variety of neurons, derived
from both the PNS and the CNS [44].

Although meningeal cultures colonized most of the
materials, temporal differences were apparent on the
different substrates. Cultures reached confluence first on
the least hydrophobic materials, glass and TCP (5 days),
followed by PAN-PVC and PEVAC (8 days), and by
CA (11 days) and TECO (12 days). Although our
studies were done in vitro, our results suggest an
explanation for a variety of reports involving biomate-
rials implanted in the CNS. It is well known, for instance,
that a fibrous capsule forms around recording electro-
des, which may increase impedance and eventually cause
cessation of function. Turner et al. examined the cellular
sheath that formed around silicon probes implanted into
the cerebral cortices of rats [45]. The fibrous capsules
contained numerous GFAP positive astrocytes as well as
other unidentified fibroblast-like cells. The results of our
meningeal cell-material interaction studies suggest that

the other cells may have been cells of the meninges that
colonized the probe surface perhaps to develop a glia
limitans at the host/implant interface.

Previously, our group investigated the behavior of
astrocytes, another important reactive component of the
CNS wound healing response, on the same polymeric
materials examined here [22]. As with meningeal cells,
statistically significant differences were observed in
initial astrocyte cell attachment and proliferation. Cell
attachment decreased with increasing substrate hydro-
phobicity, whereas cell proliferation increased with
increasing surface hydrophobicity. Astrocytes reached
confluence on all the surfaces over 12 days in culture.
The rate at which each population reached confluence
roughly followed the same pattern as the initial
differences in DNA synthesis, that is, populations with
higher BrdU incorporation were the first to become
confluent. Compared to meningeal-derived cells, the
pattern of astrocyte behaviors on biomaterial surfaces
were in large part very similar, although several
differences were evident. While meningeal cells main-
tained a statistically similar rate of DNA synthesis on all
the materials (except PS and PP, which were never fully
colonized), astrocytes actually divided faster on the
more hydrophobic materials, which initially supported
the lowest levels of cell attachment. In addition, the rate
of meningeal cell division, specifically the meningeal
fibroblasts, was far higher than those reported for
astrocytes under similar conditions.

Generating a unifying hypothesis on materials bio-
compatibility has been difficult due in large part to the
myriad of experimental variables that differ between
such studies. These include differences in surgical
technique, site of implantation, size of implant, dura-
tion, species of animal, non-quantitative assessment of
results, and varying histological techniques. Neverthe-
less, what can be reliably gleaned from the literature is
that regardless of their composition and intended
applications, most indwelling materials in the CNS elicit
a characteristically similar chronic wound healing
reaction. The response is invariably characterized by
an elevated expression of GFAP and vimentin, the
presence of microglia and foreign body giant cells, and a
general thickening of the surrounding tissue that
ensheaths the implant.

Our data suggests that cell type-specific differences in
response to different biomaterials may play an impor-
tant role in determining the ultimate nature and
composition of the CNS at the host-biomaterial inter-
face. We know that meningeal fibroblasts can attach to
and grow to cover a wide range of materials. In
addition, these cells secrete a rich and complex ECM
that may serve to not only anchor materials within the
CNS, but may decrease device performance, and is
inhibitory to the growth of CNS neurons. Our results
suggest that cells of the meninges present a technical
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barrier to device performance and may explain the
generally similar response seen following implantation
of a wide range of devices that traverse the meninges.
Whether indeed subtle differences will be evident in the
complex environment of the injured CNS, can only be
determined through studies conducted in vivo. Knowl-
edge of both in vitro and in vivo cell-material behaviors
is important in the future design of therapeutic devices
used in the CNS.
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