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Selective adhesion of astrocytes to surfaces modified
with immobilized peptides
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Abstract

Under serum-free conditions, rat skin fibroblasts, but not cortical astrocytes, selectively adhered to glass surfaces modified with
the integrin-ligand peptide RGDS. In contrast, astrocytes, but not fibroblasts, exhibited enhanced adhesion onto substrates
modified with KHIFSDDSSE, a peptide that mimics a homophilic binding domain of neural cell adhesion molecule (NCAM).
Astrocyte and fibroblast adhesion onto substrates modified with the integrin ligands IKVAV and YIGSR as well as the control
peptides RDGS and SEDSDKFISH were similar to that observed on aminophase glass (reference substrate). This study is the first
to demonstrate the use of immobilized KHIFSDDSSE in selectively modulating astrocyte and fibroblast adhesion on material
surfaces, potentially leading to materials that promote specific functions of cells involved in the response(s) of central nervous system
tissues to injury. This information could be incorporated into novel biomaterials designed to improve the long-term performance of
the next generation of neural prostheses. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Long-term biocompatibility of prostheses intended
for the central nervous system may be largely dependent
on modulation of gliosis, a tissue-level response to injury
that involves the activation of various types of cells
including astrocytes and fibroblasts [1,2]; this gliotic
response results in encapsulation and isolation of
implants [3]. Since establishment of electrical connec-
tions between a neural prosthesis and neurons (which
initiate, process, and respond to electrical activity in
neural tissues) is essential for implant device function,
control over the interactions of astroglial cells and
fibroblasts with implant surfaces (in order to avoid
encapsulation and isolation) may be critical for optimiz-
ing the long-term performance of implanted devices in
the central nervous system.

Chemical modification of material surfaces with
immobilized, bioactive peptides is a promising strategy
for directing and controlling cell-biomaterial interac-
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tions with a degree of selectivity not possible through
other surface modification techniques [4-7]. In the
present study, model substrates were modified with
select, bioactive peptides including a series of integrin
ligands and a novel peptide that mimics a bioactive
domain of neural cell adhesion molecule (NCAM, a
cell-cell adhesion molecule of the immunoglobulin
superfamily of proteins). Astrocyte and fibroblast
adhesion (an early cell-substrate response which is
critical for subsequent cell function) to these peptide-
modified surfaces was examined in order to identify
bioactive peptides that, when immobilized onto bioma-
terial surfaces, may improve the performance of
prostheses in the central nervous system.

2. Materials and methods
2.1. Substrate surface modification

Borosilicate glass coverslips (I8 mm in diameter;
Fisher Scientific, Albany, NY) were modified with

immobilized, synthetic peptides following previously
described techniques [5,8] (Fig. 1). Briefly, aminophase

0142-9612/02/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII1: S0142-9612(01)00133-8



512 L. Kam et al. | Biomaterials 23 (2002) 511-515

Plain OH N
glass OH + (CH;0),Si(CH,);NH,
OH (APTS)
Amino- 0] ¢
hase N +
%Iass O;Sl(CH2)3NH3
O
EDC OOC-(peptide)
Peptide- O\
modified 0O—Si(CH,);NHOC-(peptide)
glass O/

Fig. 1. Outline of the peptide-immobilization process. Synthetic
peptides were covalently immobilized onto amine-derivatized glass
substrates, or ‘“‘aminophase” glass, using a carbodiimide-based
reaction; EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carboiimide.

substrates were prepared by modifying chemically
etched coverslips with aminopropyltriethoxysilane
(APTS; Sigma, St. Louis, MO). In order to determine
the distribution of immobilized amine groups, randomly
selected aminophase glass substrates were stained
using the Atto-TAG FQ amine-labeling kit (Molecular

Probes, Eugene, OR) following manufacturer
instructions and then visualized by fluorescence
microscopy.

Synthetic peptides were covalently linked to

these amine-modified substrates using a carbodiimide-
based reaction [5,8]. The peptides examined in the
present study included the integrin-ligand sequences
isoleucine-lysine-valine-alanine-valine (IKVAYV), argi-
nine-glycine-aspartate-serine (RGDS), and tyrosine-iso-
leucine-glycine-serine-arginine (YIGSR) as well as a
sequence representing a homophilic binding domain of
the cellcell adhesion protein neural cell adhesion
molecule (NCAM), lysine-histidine-isoleucine-phenyla-
lanine-serine-aspartate-aspartate-serine-serine-glutamate
(KHIFSDDSSE) [9]. Sequence control peptides,
which were defined by random rearrangement of
the amino acids in the peptides RGDS and
KHIFSDDSSE, included arginine-aspartate-glycine-ser-
ine (RDGS) and serine-glutamate-aspartate-serine-as-
partate-lysine-phenylalanine-isoleucine-serine-histidine

(SEDSDKFISH).

Prior to use in assays of cell adhesion, all peptide-
modified substrates, as well as the reference substrates
of either plain or aminophase glass, were sterilized by
brief immersion in 70% ethanol, then attached to the
bottom of 22mm diameter wells of a 12-well tissue
culture plate.

2.2. Cell cultures

Primary cultures of rat cortical astrocytes were
prepared from 3-day old Wistar rat pups following
established techniques [10] and maintained in Dulbec-
co’s modified Eagle medium (DMEM), supplemented
with 5% fetal bovine serum and antibiotics, under
standard cell culture conditions (at 37°C, humidified,
5% CO,/95% air environment). Astrocytes, identified
by expression of glial fibrillary acidic protein, comprised
greater than 90% of the cells in these primary cultures
and were used in cell adhesion assays during the 14-21
day period after isolation.

Rat skin fibroblasts (cell line CRL-1213; American
Type Culture Collection) were cultured in DMEM
supplemented with 10% fetal bovine serum. Fibroblasts
passage 4-27 were used in the adhesion experiments.

2.3. Cell adhesion experiments

Either rat cerebral astrocytes (1.0 x 10° cells per well)
or rat skin fibroblasts (7.0 x 10* cells per well) in
DMEM without serum were seeded separately onto
each peptide-modified and reference (i.e., plain and
aminophase glass) substrate, and allowed to adhere
under standard cell culture conditions for either 6 (for
astrocytes) or 4 (for fibroblasts) h. Adherent cells were
fixed in situ with 4% paraformaldehyde (at 37°C) for
20 min and stained with 0.5% cresyl violet (Sigma) for
30min. Cell adhesion density (cells/mm?) on each
substrate was calculated from the average number of
adherent cells counted in five randomly selected,
1 x 1mm® fields per substrate. The cell adhesion
experiments were run in duplicate at three separate
times. These data were analyzed for statistical signifi-
cance using Duncan’s multiple range test with a
protection level of o = 0.01.

3. Results
3.1. Surface characterization of aminophase glass

The process of immobilizing synthetic peptides used
in the present study required pretreatment of the
substrate surfaces with the aminosilane APTS. This
process resulted in a bimodal distribution of amines on
substrate surfaces: specifically, staining of aminophase
glass with an amine-reactive label revealed a random
dispersion of many punctate foci (one such example is
indicated by the arrow in Fig. 2A), each measuring 2—
3um in width; deposited against a diffuse, lower-level
density of immobilized amines (Fig. 2A).

Bimodal distributions of peptides on peptide-modified
substrates have been reported in the literature [11]. The
results of the present study suggest that the arrangement
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of immobilized peptides may be a consequence of the
distribution of amines on the aminophase surface to
which the peptides are grafted. While peptide-modifica-
tion of substrates using methods similar to those used in
the present study typically results in immobilization of

Fig. 2. Surface analysis of aminophase glass. Representative fluores-
cence micrographs illustrating the distribution of immobilized amines
on aminophase glass (A) and on unmodified glass (B). The arrow in
Frame A points to a locus of immobilized amines. Scale bar =50 pm.

RGDS YIGSR IKVAV

pico- to nanomolar quantities per square centimeter
[4,5,8,11], the localized regions of high ligand concen-
tration (i.e., the foci of immobilized peptides) may
mediate specific events (such as clustering of integrin
receptors on the cell membrane into focal contacts)
influencing subsequent cellular responses.

3.2. Selective adhesion of astrocytes and fibroblasts to
surfaces modified with immobilized peptides

Rat skin fibroblasts exhibited maximal, selective
adhesion onto aminophase glass modified with the
integrin-ligand RGDS (Fig. 3A). Recognition of, and
response to, RGDS was sequence-specific since fibro-
blast adhesion to surfaces modified with RDGS, a non-
adhesive or control peptide, was similar to that observed
on the reference substrate of aminophase glass
(Fig. 3A). Fibroblast adhesion onto surfaces modified
with either IKVAYV, YIGSR, KHIFSDDSSE, or
SEDSDKFISH was also similar to that obtained on
aminophase glass (reference substrate), providing evi-
dence that none of these peptides promoted fibroblast
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Fig. 3. Selective adhesion of cells to surfaces modified with immobilized peptides. Fibroblasts (A) and astrocytes (B) in serum-free media were
allowed to adhere (for 6 and 4 h, respectively), under standard tissue culture conditions onto unmodified glass and aminophase glass (reference
substrates) as well as onto glass modified with one of the following select peptides: RGDS = arginine-glycine-aspartate-serine; RDGS = arginine-
aspartate-glycine-serine; YIGSR = tyrosine-isoleucine-glycine-serine-arginine; IKVAV =isoleucine-lysine-valine-alanine-valine; KHIFSDDSSE = ly-
sine-histidine-isoleucine-phenylalanine-serine-aspartate-aspartate-serine-serine-glutamate; SEDSDKFISH = serine-glutamate-aspartate-serine-aspar-
tate-lysine-phenylalanine-isoleucine-serine-histidine. For data of astrocyte adhesion, n = 6, except for adhesion on SEDSDKFISH for which n = 3.
For data of fibroblast adhesion, n = 4, except for adhesion on either RDGS or SEDSDKFISH for which n = 3. Each adhesion experiment was run
on duplicate substrate samples. Values are mean+ SEM; *2<0.01 (compared to adhesion results on aminophase glass; Duncan’s test).
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adhesion (Fig. 3A). The observed selective adhesion of
fibroblasts to material surfaces modified with immobi-
lized RGDS, but not with IKVAYV, is consistent with
results reported in the literature [12].

Rat cortical astrocytes exhibited a unique pattern of
adhesion onto the peptide-modified substrates tested in
the present study. Adhesion of astrocytes onto amino-
phase glass modified with the integrin-ligand peptides
RGDS, IKVAYV, or YIGSR was similar to that observed
on aminophase glass, the reference substrate (Fig. 3B).
In contrast, astrocyte adhesion was enhanced (compared
to that on aminophase glass) on substrates modified
with KHIFSDDSSE, a peptide that mimics a homo-
philic binding domain of the neural cell adhesion
molecule or NCAM [9] (Fig. 3B). Astrocyte adhesion
on surfaces modified with the peptide SEDSDKFISH (a
control peptide) was similar to that observed on the
reference aminophase glass substrate. These results
provide the first evidence that recognition of
KHIFSDDSSE by astrocytes is sequence specific
(Fig. 3B).

4. Discussion

Because integrins are the major molecular mechanism
through which cells recognize and respond to extra-
cellular matrix proteins (such as fibronectin, collagen,
and laminin), peptides patterned after integrin ligands
have received almost exclusive attention in biomaterial
design. Alternative molecular mechanisms of cellular
interactions with the extracellular environment have
only recently been explored in the context of biomaterial
surface modifications [12,13]. The present study pro-
vides the first evidence that bioactive domains of cell-
cell communication proteins (such as NCAM), when
immobilized on synthetic materials, can be used to
modulate astrocyte adhesion. Since adhesion is the
critical prerequisite for subsequent functions of ancho-
rage-dependent cells, adhesion of astrocytes to sub-
strates modified with immobilized KHIFSDDSSE may
regulate other cell functions such as proliferation;
support of this hypothesis is provided by literature
reports that soluble NCAM inhibits astrocyte prolifera-
tion both in vivo and in vitro [14,15].

In addition to the importance of the findings of the
present study in cellular physiology, these results could
lead to improved biomaterials for prostheses in the
central nervous system. Specifically, KHIFSDDSSE
may be used to modify the surfaces of implant materials
to promote astrocyte adhesion (improving anchorage of
prosthetic devices into neural tissue), while concurrently
inhibiting astrocyte proliferation at the site of implanta-
tion (a cellular function associated with the gliotic
response). Furthermore, modification of implant mate-
rial surfaces with immobilized KHIFSDDSSE could

also minimize fibroblast adhesion, thus controlling
cellular responses that could complicate remodeling of
injured nervous tissue. It should be noted, however, that
a strategy for designing the definitive proactive material
for applications in the nervous system could not be
complete without consideration of neuron function. The
present study provides some insight in this respect,
namely, that adhesion of both astrocytes and fibroblasts
was not enhanced on surfaces modified with either
IKVAV or YIGSR (Fig. 3), two peptides known to
promote neuron attachment, survival and axonal out-
growth on biomaterial surfaces [6,7].

The results of the present study have major implica-
tions for the design of the next generation of biomater-
ials for implant devices with electrically active
components. For example, IKVAV and/or YIGSR
may be used to selectively promote neuron (but not
fibroblast or astrocyte) attachment onto specific regions
of material surfaces in order to establish and maintain
electrical connections between functional neural pros-
theses and neurons. Such interactions between implant
devices and surrounding brain tissue are essential for
proper and long-term function of prostheses in the
central nervous system.
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