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Glial scar formation around implanted silicon neural probes compromises their ability to
facilitate long-term recordings. One approach to modulate the tissue reaction around
implanted probes in the brain is to develop probe coatings that locally release anti-
inflammatory drugs. In this study, we developed a nitrocellulose-based coating for the
local delivery of the anti-inflammatory drug dexamethasone (DEX). Silicon neural probes
with and without nitrocellulose–DEX coatings were implanted into rat brains, and
inflammatory response was evaluated 1 week and 4 weeks post implantation. DEX
coatings significantly reduced the reactivity of microglia and macrophages 1 week post
implantation as evidenced by ED1 immunostaining. CS56 staining demonstrated that DEX
treatment significantly reduced chondroitin sulfate proteoglycan (CSPG) expression
1 week post implantation. Both at 1-week and at 4-week time points, GFAP staining for
reactive astrocytes and neurofilament (NF) staining revealed that local DEX treatment
significantly attenuated astroglial response and reduced neuronal loss in the vicinity of
the probes. Weak ED1, neurocan, and NG2-positive signal was detected 4 weeks post
implantation for both coated and uncoated probes, suggesting a stabilization of the
inflammatory response over time in this implant model. In conclusion, this study
demonstrates that the nitrocellulose–DEX coating can effectively attenuate the
inflammatory response to the implanted neural probes, and reduce neuronal loss in the
vicinity of the coated probes. Thus anti-inflammatory probe coatings may represent a
promising approach to attenuate astroglial scar and reduce neural loss around implanted
neural probes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Functional recording from the nervous system using silicon
micromachined neural probes potentially aids patients with
.
. Bellamkonda).

er B.V. All rights reserved
movement disorders by enabling the processing and decoding
of recorded neural signals into movement commands (Dono-
ghue, 2002; Otto et al., 2003; Sanchez et al., 2004). However, the
long-term performance of the implanted neural probes is
.
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compromised by the formation of glial scar around the Si-
microelectrodes, which is a typical consequence of the
inflammatory tissue reaction to implantation-induced injury
in the CNS. The glial scar is inhibitory to neurons and forms a
barrier between the electrode and neurons in the surrounding
brain tissue (Edell et al., 1992; Turner et al., 1999; Shain et al.,
2003; Szarowski et al., 2003; Schwartz, 2004; Biran et al., 2005).

When a neural probe is inserted into the brain, neurons
and glial cells are killed or injured during insertion, blood
vessels are disrupted, and the blood–brain barrier (BBB) is
damaged. The tissue injury and breakdown of BBB cause
release of cytokines and neurotoxic free radicals, invasion of
blood-borne macrophages, and edema (Fitch and Silver, 1997;
Schwartz, 2004). The main cell types involved in tissue
reaction to the brain injury are astrocytes, microglia/blood-
borne macrophages, and oligodendrocyte precursors (OPCs)
(Fawcett and Asher, 1999; Norton, 1999; Hampton et al., 2004).
These cells express chondroitin sulfate proteoglycans
(CSPGs), important inhibitory molecules in glial scar (Fawcett
and Asher, 1999; Properzi and Fawcett, 2004). Astrocytes
produce neurocan, phosphacan, and brevican; microglia/
macrophages produce NG2; and OPCs produce neurocan,
NG2, and versican (Fawcett and Asher, 1999; Tang et al., 2003;
Hampton et al., 2004; Properzi and Fawcett, 2004; Tatsumi et
al., 2005). It has recently been suggested that some of the
NG2-positive cells proliferating in the injury site differentiate
into the glial scar astrocytes (Alonso, 2005; Tatsumi et al.,
2005). CSPGs and other glial scar associated inhibitory
molecules create an inhibitory environment that blocks the
regrowth of neural processes and may potentially cause the
exclusion of neural cells by their presence. Although CSPG
expression has been extensively studied in CNS injuries, its
role in the tissue reaction to implanted neural electrodes has
not been addressed.

The failure of implanted neural probes over time can be
attributed to neuronal loss around the probe including both
neuron cell body loss and neural process loss (Liu et al., 1999;
Schwartz, 2004; Spataro et al., 2005). Therefore, to maintain
long-term recording stability, reactive gliosis and other
inflammatory processes around the electrode need to be
minimized. One approach to modulate the inflammatory
response around neural probes is to develop coatings that
modify the neural probe surfaces to achieve better integration
of the neural probes with brain tissue. Dexamethasone (DEX)
is a synthetic glucocorticoid hormone that is used to treat
many inflammatory responses. In the CNS, systematic
injection of DEX has been shown to reduce tissue reaction
around neural implants (Shain et al., 2003; Spataro et al.,
2005). Addition of DEX to activated microglia–neuron cocul-
tures protects neurons by downregulating nitric oxide (NO)
production (Golde et al., 2003). However, systemic adminis-
tration of DEX may cause serious side effects including
myopathy and diabetes (Twycross, 1994; Koehler, 1995; Kaal
and Vecht, 2004). Therefore, local delivery of DEX is a
promising strategy to minimize the side effects. In this
study, a nitrocellulose-based coating that is capable of
sustained local release of DEX from implanted neural probes
was designed. Scar/inflammation-related cellular and mole-
cular responses to neural probes with and without DEX coat-
ings were characterized.
2. Results

2.1. Assessing reactive microglia/macrophages
around the probes

Immunostaining for ED1 around the probe site revealed
reactive microglia/macrophages. At 1 week post implantation,
for both uncoated and DEX-coated probes, ED1 staining was
concentrated around the probe–brain interface (Figs. 1A andB).
The ED1-positive cells were small, and amoeboid in appear-
ance. Quantitative analysis of histological data reviewed that
both ED1 peak intensity and reactive area for coated probes
were reduced compared with uncoated probes at 1 week (Fig.
1E), and ED1 total intensity for coated probes was significantly
lower than uncoated probes (Fig. 1F).

At the end of 4 weeks, ED1 staining was reduced compared
with 1 week for both uncoated and coated probes (Figs. 1A and
C). The difference of total intensity between the uncoated
probes and DEX-coated probes at 4 weeks was not statistically
significant (Fig. 1H).

2.2. Characterizing reactive astrocytes in the vicinity of
implanted probes

GFAP staining was used to identify reactive astrocytes. 1 week
post implantation, extensive GFAP elevation extending over a
400-μm radius around the uncoated probes was observed.
GFAP intensity was relatively weak in the region within 40 μm
from the probe–brain interface (Figs. 2A and E), as there were
few GFAP-positive cells/processes in this region. It is note-
worthy that this region was correlated with intensive ED1
staining (Figs. 1A and E). GFAP intensity started to increase
from about 40 μm, peaked between 60 and 110 μm, and
decreased rapidly after 200 μm (Fig. 2E). Most astrocytes in the
GFAP-intensive area (40–200 μm) appeared hypertrophic (Fig.
2A, inset), and the processes of astrocytes were interwoven to
form a densemeshwork. In contrast, GFAP-positive astrocytes
located further away were more stellate in appearance, and
the processes were less densely distributed.

The intensity distribution as a function of distance for
coated probes showed a similar pattern to the uncoated
probes: weak GFAP staining around the probe–brain interface
(35 μm), followed by an intensive region (35–165 μm), and a
drop of GFAP intensity after 165 μm (Figs. 2B and E). DEX
treatment significantly reduced GFAP total intensity (Fig. 2F).
Compared with uncoated probes, astrocytes subjected to DEX
treatment still remained stellate in the GFAP-intensive region,
although they were hypertrophied compared to astrocytes in
the non-injured area (Fig. 2B, inset). Astrocyte processes were
less dense in this region compared to the same region for the
uncoated probes (Figs. 2A and B).

4 weeks post implantation, there was still a region of less
intensive GFAP staining around the probe–brain interface for
uncoated probes (Fig. 2C). GFAP intensity peaked between 40
and 60 μm (compared with 60 to 110 μm at 1 week), and
decreased rapidly after 120 μm (Fig. 2G). The GFAP-intensive
region (20–120 μm) became more compact and closer to the
probe–brain interface compared with 1 week (40–200 μm).
Most astrocytes in the GFAP-intensive area were hypertro-



Fig. 1 – (A–D) Representative images of ED1 staining for reactivemicroglia/macrophages in the horizontal brain sections 1week
and 4 weeks post implantation for both uncoated and DEX-coated probes. Scale bar=100 μm. (E, G) ED1 fluorescent intensity
profiles as a function of distance 1 week and 4 weeks post implantation. (F, H) Quantification of total ED1 fluorescent intensity
1 week and 4 weeks post implantation (n=4). *P<0.05 compared with uncoated probes.
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Fig. 2 – (A–D) Representative images of GFAP staining for astrocytes in the horizontal brain sections 1 week and 4 weeks post
implantation for both uncoated and DEX-coated probes. Scale bar=100 μm. Inset denotes higher magnification (fourfold) of
identified area showing themorphology of reactive astrocytes. (E, G) GFAP fluorescent intensity profiles as a function of distance
1 week and 4 weeks post implantation. (F, H) Quantification of total GFAP fluorescent intensity 1 week and 4 weeks post
implantation (n=4). *P<0.05 compared with uncoated probes.
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phied compared with normal astrocytes (Fig. 2C, inset);
astrocyte processes were interwoven to form a dense mesh-
work. Compared with uncoated probes, astrocytes in the same
region around DEX-coated probes were less hypertrophied,
and the processeswere less densely distributed (Fig. 2D, inset).
Qualitatively, GFAP peak intensity and reactive area were
reduced for coated probes compared with uncoated probes
(Fig. 2G). GFAP total intensity was also significantly lower for
DEX-coated probes compared with uncoated probes (Fig. 2H).

2.3. Presence of chondroitin sulfate proteoglycans

CS56 staining was used to identify the presence of chondroitin
sulfate proteoglycans around the probe. Similar to ED1 locali-
zation, intensive CS56 staining was concentrated around the
probe–brain interface 1 week post implantation (Figs. 3A and
B). For uncoated probes, the area of intensive staining ex-
tended about 44 μm from the electrode–brain interface,
followed by an extensive but much less intensive region (44–
135 μm), beyond which CS56 intensity started to approach
background intensity (Fig. 3E). It is noteworthy that the CS56-
intensive region was correlated with the weakly GFAP-stained
region, and the ED1-intensive region (Figs. 1A and E, and Figs.
2A and E). In the less intensive CS56 staining region, individual
cells with a hypertrophied stellate morphology could be iden-
tified (Fig. 3A), and double staining with GFAP showed that
these cells are hypertrophic reactive astrocytes (data not
shown).

In comparison with uncoated probes, CS56 staining inten-
sity was significantly reduced for DEX-coated probes. The total
intensity for coated probes was significantly lower than
uncoated probes (Fig. 3F). Despite the reduction of CS56
staining for the coated probes, the pattern of CS56 distribution
was similar to that of the uncoated probes: intensive CS56
staining in the vicinity of the electrode–brain interface (27 μm),
followed by a less intensive region with cells positive for both
CS56 and GFAP staining (Fig. 3E).

4 weeks post implantation, CS56 staining was significantly
reduced for uncoated probes compared with 1 week (Figs. 3A
and C). CS56 intensity around the probe–brain interface was
only slightly higher than background intensity (Fig. 4G). There
was no significant difference in the CS56 total intensity
between the uncoated and coated probes at this time point
(Fig. 3H).

2.4. Examining the presence of specific CSPGs neurocan
and NG2

Immunostainings for neurocan and NG2 were carried out to
investigate the specific nature of proteoglycan expression
level with time. Brain sections were double stained with GFAP
or Iba-1 for astrocytes and microglia to identify the cellular
sources of the proteoglycans.

At the end of 1 week, elevated neurocan staining was
observed around the probe–brain interface (Fig. 4A). Although
there was positive GFAP staining in the same region, the GFAP
peak area was outside this region (Fig. 2A). Double staining
with Iba-1 showed aggregation of microglia in the neurocan-
intensive region (Fig. 5A). However, the intensity distribution
of neurocan staining did not strictly follow Iba-1 staining.
Double staining with NG2 antibody (marker for OPCs)
showed upregulation of NG2 staining intensity around the
probe–brain interface as well (Fig. 4C). Neurocan and NG2
staining distribution partly overlapped. While positive neuro-
can staining was only observed around the probe–brain inter-
face (Fig. 4A), NG2 staining was distributed throughout the
whole brain sections in the form of NG2-positive cells except
around the probe–brain interface where no individual cells
could be identified (Fig. 4C). Double staining with GFAP
antibody revealed no correlation between GFAP staining and
NG2 staining (Fig. 5C).

4 weeks post implantation, both neurocan and NG2
staining were considerably reduced compared with 1 week
(Fig. 4). Neurocan staining was still concentrated around the
probe–brain interface with weak GFAP staining (Fig. 4B). Iba-1
staining showed that the distribution and morphology of
microglia around the probe–brain interface almost reduced to
normal levels compared to that observed at 1 week (Figs. 5A
and D), and there was no correlation between Iba-1 staining
and neurocan staining (Fig. 5D).

2.5. Characterizing neural presence around the electrodes

Neurofilament (NF) staining is a marker for neuronal cell
bodies and neural processes. Reduced NF staining intensity
around the probe–brain interface was observed 1 week post
implantation (Fig. 6A). The average width of the NF loss region
wasabout 37μmforuncoatedprobes and17μmforDEX-coated
probes (Figs. 6A, B, and E). The NF loss around uncoated probes
was significantly higher than coated probes (Fig. 6F). The
majority of NF loss was observed in the ED1- and CS56-
intensive area (Figs. 1A and E, and Figs. 3A and E).

The area of NF loss increased at the end of 4 weeks
compared with 1 week for both uncoated and coated probes
(Figs. 6C and D). The average radius of this NF loss region was
100 μm for uncoated probes and 45 μm for DEX-coated probes
(Fig. 6G), compared to NF loss radius of 37 and 17 μm,
respectively, at 1 week (both measured as distance from the
probe interface). The NF loss around uncoated probes was
significantly higher thancoatedprobes at 4weeks (Fig. 6H). The
NF loss regionoverlapped theED1- andCS56-positive areawith
weak GFAP staining, and extended to the GFAP-intensive area
(Figs. 1C and G, Figs. 2C and G, and Figs. 3C and G).
3. Discussion

To maintain long-term functional recording from silicon
neural probes, the neural elements of recording interest need
to be preserved in the vicinity of the implanted electrodes. We
have previously reported the fabrication of a nitrocellulose–
DEX coating for Si neural probes (Zhong et al., 2005). In vitro
dexamethasone release was observed over 16 days. The
coating thickness was 1.72±0.16 μm. Coating adhesion test
showed that the coatings still remainedattachedon the probes
after implantation (Zhong, 2006). We have reported that this
micron-scale coatingmildly reduced the electrode impedance,
possibly due to the increase of capacitance as evidenced by
impedance spectroscopy (Zhong et al., 2005). Low electrode
impedance potentially improves the signal transport across



Fig. 3 – (A–D) Representative images of CS56 staining for CSPGs in the horizontal brain sections 1 week and 4 weeks post
implantation for both uncoated and DEX-coated probes. Scale bar=100 μm. (E, G) CS56 fluorescent intensity profiles as a
function of distance 1 week and 4 weeks post implantation. (F, H) Quantification of total CS56 fluorescent intensity 1 week and
4 weeks post implantation (n=4). *P<0.05 compared with uncoated probes.

20 B R A I N R E S E A R C H 1 1 4 8 ( 2 0 0 7 ) 1 5 – 2 7



Fig. 5 – Representative fluorescent images of horizontal brain sections double stained with (A) Iba-1–neurocan at 1 week, (B)
NG2–neurocan at 1 week, (C) GFAP–NG2 at 1 week, and (D) Iba-1–neurocan 4 weeks post implantation. Scale bar=100 μm.

Fig. 4 – Representative fluorescent images of horizontal brain sections immunostained for Neurocan and NG2 1 week and
4 weeks post implantation. Scale bar=100 μm.
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Fig. 6 – (A–D) Representative images of NF160 staining for neurons in the horizontal brain sections 1 week and 4 weeks post
implantation for both uncoated and DEX-coated probes. Scale bar=100 μm. (E, G) NF fluorescent intensity profiles as a function
of distance 1 week and 4 weeks post implantation. (F, H) Quantification of % NF loss 1 week and 4 weeks post implantation
(n=4). *P<0.05 compared with uncoated probes.
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the neural interface and helps to increase the detection
sensitivity to neural activity; therefore, the electrical perfor-
mance of the electrode was not adversely affected by the
polymer coating. This current study demonstrates that local
release of DEX from neural probe coatings can attenuate the
cellular inflammatory responses to implanted neural probes,
suppress the expression of inhibitory molecules (CSPGs), and
significantly reduce neuronal loss around the neural probes.
Tissue reaction aroundprobes coatedwithnitrocellulose alone
did not exhibit any difference from uncoated probes as
evidenced by GFAP and ED1 staining (data not shown).

In this study, the cellular and molecular responses to the
implanted silicon neural probes were investigated to give us
insight into the cellular and molecular environment that local
DEX delivery helps create around the probe–brain interface.
The glial cell types involved in glial scar formation include
astrocytes, microglia/blood-borne macrophages, and OPCs.
Microglia/macrophages and OPCs respond very quickly to
brain injuries (Fawcett and Asher, 1999; Kato and Walz, 2000;
Hampton et al., 2004). Following injury to the adult CNS, a
large number of microglia/macrophages and OPCs are
recruited to the injury site. The activated microglia become
more macrophage-like with an amoeboid morphology, and
they proliferate andmigrate to injury sites (Fawcett andAsher,
1999). Activated microglia/blood-borne macrophages release
neurotoxic molecules such as free radicals, nitric oxide (NO),
as well as proinflammatory cytokines including interleukin-1
(IL-1), tumor necrosis factor-alpha (TNF-α) and interleukin-6
(IL-6) (Bruccoleri et al., 1998; Hays, 1998; Kyrkanides et al., 2001;
Takeuchi et al., 2001), which subsequently activate astrocytes
(Merrill and Benveniste, 1996; John et al., 2005). Astrocyte
activation is also mediated by blood-borne factors including
growth factors and hormone, albumin, thrombin, angiotensin
II and cAMP (Logan and Berry, 2002). The reactive astrocytes
undergo hypertrophy, proliferate, and upregulate trophic
factors, cytokines, as well as extracellular matrix (Fawcett
and Asher, 1999; Polikov et al., 2005).

Chondroitin sulfate proteoglycans are important inhibitory
molecules in the glial scar (Fawcett and Asher, 1999).
Upregulated CSPGs have differential sulfation patterns (Prop-
erzi et al., 2003; Properzi and Fawcett, 2004) which differen-
tially inhibit neurite outgrowth (Gilbert et al., 2005). Following
chondroitinase treatment, glycosaminoglycan removal
enhances neurite outgrowth, suggesting an inhibitory role
for CSPGs (Bradbury et al., 2002). Neurocan and NG2 are
identified as two important proteoglycans that are inhibitory
for neurite extension (Asher et al., 2000; Jones et al., 2002; Tang
et al., 2003; Alonso, 2005). In this study, immunostainings for
neurocan andNG2 1week and 4weeks post implantationwere
carried out to investigate individual proteoglycan expression
level with time. 1 week post implantation, staining intensity
for glial cells (astrocytes, microglia, and OPCs) as well as
inhibitory molecules (CSPGs including neurocan and NG2)
reached peak level. It is noteworthy that for all the inhibitory
molecules, intensive staining was concentrated around the
probe–brain interface and appeared to be inversely correlated
with NF staining intensity. Interestingly, GFAP staining was
weak in this region starting from day 1 (data not shown). A
similar observation has been previously reported (Fitch and
Silver, 1997), and the authors suggested that CSPGs in the area
lacking GFAP-positive cells might be produced by astrocytes
that subsequently died, migrated away from the injury site, or
lost their GFAP immunoreactivity. The authors also suggested
that microglia/macrophages might be another source of
inhibitory CSPGs. Since neurocan staining was correlated
with both Iba-1 staining and NG2 staining, it is possible that
microglia and OPCs also contributed to neurocan upregula-
tion. In the intensive NG2 staining area, it was difficult to
identify individual NG2-positive cells. In the normal tissue of
the CNS, NG2 is found almost exclusively on the surfaces of
OPCs (Levine et al., 2001; Ughrin et al., 2003). Therefore, the
intensive NG2 staining might be a marker for the proliferated
and aggregated OPCs. However, since NG2 can be shed from
the cell surface and secreted into extracellular matrix, there is
the possibility that the intensive NG2 staining was not only a
cell marker, but also the marker for NG2 proteoglycan in
extracellular matrix secreted by OPCs as well as other types of
cells. Double staining with ED1 antibody showed that the
intensity distribution of NG2 staining was also correlated to
ED1 staining (data not shown), therefore reactive microglia/
macrophages might be another cell source for upregulation of
NG2. Upregulation of neurocan and NG2 staining was reduced
for the DEX treated group at 1 week, and little upregulation of
neurocan and NG2 staining was observed at 4 weeks for both
uncoated and coated probes (data not shown).

It is interesting that neural loss increased with time while
the levels of microglia/macrophage activation and CSPG
expression were much lower at 4 weeks compared with
1 week. One possible explanation is that neural loss was
mediated by the inhibitory and neurotoxic molecules secreted
by activated glial cells, and progressive neuronal loss might
continue long after the activation of glial cells and the
expression of inhibitorymolecules. As the inflammatory tissue
responsewashighat 1week, theneuronal losswas expected to
increase after 1 week, which is consistent with the result that
neural loss at 4 weeks was higher than 1 week. This result
further suggests that neuronal loss follows the initial inflam-
matory response. 4 weeks post implantation, the intensity of
ED1 staining was reduced compared with 1 week. CS56,
neurocan and NG2 staining intensity declined to near normal
level after 4 weeks, and it appeared that the inflammatory
responses started to stabilize at 4 weeks. This observation is
consistent with a recent study showing reduced reactivity
around implanted neural probes at 4 weeks compared with
1 week as evidenced by ED1, vimentin and collagen staining
(McConnell et al., in press).

Local release of DEX significantly attenuated the inflam-
matory responses at 1week, and reduced neuronal loss both at
1weekand 4weeks as evidenced byNF staining. A recent study
shows that sustained release ofDEX fromnanoparticles of poly
(lactic-co-glycolic acid) (PLGA) embedded in alginate hydrogel
(HG) coatings prevents the increase of electrode impedance in
vivo, which is presumably due to the reduced amount of glial
inflammation in the immediate vicinity of DEX-modified
neural probe (Kim and Martin, 2006). Our study confirms this
reduction of glial inflammation around DEX-coated neural
probes. It has been previously reported that DEX effectively
reduces the inflammatory tissue reaction around the neural
implant when DEX concentration at the implant–tissue inter-
face immediately after insertion is calculated to be 0.2 μM
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(Shain et al., 2003). In another study, 0.5 μg/cm2 DEX release is
calculated to result in an average concentration of 1 μMwithin
a 500-μm radius from the electrode (Wadhwa et al., 2006). Our
in vitro study showed 0.18 μg/cm2 DEX release on day 16,
corresponding to 0.36 μM in vivo. However, in all these studies
DEX amounts in vivo are calculated values, as quantifying
these low levels (due to very low surface areas of the implanted
electrodes) is technically very difficult at this point and indeed
the actual in vivo valuesmay be different from these estimated
values. The evaporation technique in this study only allows for
coating one side of neural probes (the side with recording
sites). However, we did not observe any significant difference
of tissue reaction on different sides. One possible explanation
might be that DEX is a small molecule (MW 392 Da), and the
thickness of the probe is only 15 μm, therefore DEX can diffuse
easily to the back of the neural probe.

DEX is known as a potent anti-inflammatory drug, and it
has previously been shown to be capable of reducing inflam-
matory responses in the CNS (Holmin and Mathiesen, 1996;
Hermens and Verhaagen, 1998; Spataro et al., 2005). Its anti-
inflammatory effects have usually been attributed to its effects
on microglia/macrophages, which knowingly express high
levels of glucocorticoid receptors (Tanaka et al., 1997). DEX has
been shown to inhibit iNOS synthesis and cytokine production
by microglia, as well as microglia proliferation (Chao et al.,
1992; Tanaka et al., 1997; Golde et al., 2003). A recent study
shows that DEX strongly inhibits proliferation of NG2-positive
cells, which preferentially differentiate into astrocytes in
injured brain (Alonso, 2005). As these NG2-positive cells do
not express the glucocorticoid receptors, the authors suggest
that DEX may have indirect effects on these cells via
modification of glutamate release and/or interaction with
microglia. DEX also directly inhibits astrocyte proliferation
(Crossin et al., 1997). It is possible that DEX exerts its anti-
inflammatory effects on the glial cells through direct interac-
tions with cells as well as the interactions among different
types of cells.

This study demonstrates that DEX coatings on Si probes
not only can reduce the cellular inflammatory response but
also can reduce the expression of chondroitin sulfate proteo-
glycans, the important inhibitory molecules in glial scar.
There was no significant difference between the uncoated
probes and DEX-coated probes for ED1 and CS56 staining at
4 weeks. This could be due to either drug depletion, or the
stabilization of the inflammatory response. However, DEX
treatment significantly reduced neuronal loss both at 1 week
and 4 weeks after implantation, which suggests that reducing
inflammation immediately after implantationmay have long-
term beneficial consequences. Reactive glial cells may con-
tribute to neuronal loss through the secretion of neurotoxic
molecules including glutamate, pro-inflammatory cytokines,
prostaglandins, NO and free radical species, as well as
inhibitory molecules such as CSPGs. Therefore, inhibition of
glial cell activation may reduce the expression of these
molecules, which results in less neuronal damage.

Our previous in vitro release study revealed sustained
release of DEX from nitrocellulose coatings for over 16 days
(Zhonget al., 2005). It is not knownhow longdrug releaseneeds
to last in order to obtain long-termstable neural recording. The
most conservative approach would be to facilitate continuous,
local drug release for the lifetime of the implant. However, this
is technically not feasible, and it may not be necessary. The
experience fromdrug-eluting stentswhich also aim tomanage
the acute injury response, albeit in the blood vessels, suggests
that the release of anti-inflammatory agents in the early stage
of implantation inhibits the long-term tissue reaction (De
Scheerder et al., 1996; Huang et al., 2002). Following brain
injury, the first cells to respond and arrive are microglia and
macrophages (Kreutzberg, 1996; Fawcett and Asher, 1999). The
activated microglia/macrophages secrete proinflammatory
molecules that subsequently activate adjacent microglia or
other cell types, including astrocytes, via autocrine and
paracrine passways, resulting in propagation and enhance-
ment of the inflammatory response (Bruccoleri et al., 1998;
Hays, 1998; Kyrkanides et al., 2001; Takeuchi et al., 2001).
Consequently, astrocytes express additional inflammatory
mediators that further contribute to the inflammatory
response and eventually lead to glial scar formation (Merrill
and Benveniste, 1996; Kyrkanides et al., 2001; Hanisch, 2002;
John et al., 2005). Both activated microglia and astrocytes are
capable of releasing neurotoxicmolecules such as free radicals
and NO (Lee et al., 1995; Kreutzberg, 1996). Therefore, admin-
istrationof anti-inflammatoryagents in the early stage of brain
injury might be able to inhibit the expression of proinflamma-
torymolecules that leads to progression of astrogliosis andhas
long-term effect.

In conclusion, this studydemonstrates that local delivery of
DEX can reduce the cellular and molecular inflammatory
responses to the implanted neural probes, as well as signifi-
cantly reduce neural loss in the immediate vicinity of the
probes. This might be a promising strategy to improve the
long-term recording stability of silicon neural probes.
4. Experimental procedures

4.1. Fabrication of DEX-loaded nitrocellulose coatings

Micromachined silicon neural recording probes (single shank,
16 recording sites, 5 mm) were provided by the Center for
Neural Communication Technology (CNCT) at the University
of Michigan. The neural probes were mounted on polished Si
wafers of 1 cm2 with a 10,000 Å oxide layer (University Wafer,
MA). 33.3 mg nitrocellulose (Schleicher & Schuell BioScience)
was dissolved in 12 ml methanol. 100 μg DEX (Sigma) powder
was dissolved in 20 μl nitrocellulose (NC) solution and
evaporated on the Si wafers. This DEX–nitrocellulose layer
was subsequently coated with 3 additional layers of 20 μl pure
nitrocellulose by evaporation. The DEX–nitrocellulose-coated
neural probes were removed from the Si wafers and used for
the in vivo study.

4.2. In vivo implantation of DEX-coated probes

All animal procedures were approved by the Institutional
Animal Care and Use Committees (IACUC) at Georgia Institute
of Technology. Eight adultmale Sprague-Dawley ratsweighing
between 275 and 299 g were used in this study. The rats were
anesthetized with isoflurane and immobilized in a stereotaxic
frame. Following a midline incision, two 3-mm holes were



Fig. 7 – Diagram for quantification of (A) GFAP, ED1, andCS56
staining, the total area under the intensity–distance curve
subtracted by the background (the shaded area) is defined as
the total intensity, and (B) neurofilament staining, the
percentage of the NF loss area relative to the sum of the NF
loss area and the remaining NF area is defined as % NF loss.
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created 0.2 mm anterior and 3 mm lateral to the bregma. After
carefully removing the dura, two neural probes were inserted
into the brain, with one DEX-coated probe on one side of the
brain and one uncoated probe on the other side of the brain.
The two holes were covered with agarose gel and dental
acrylic, the skin was closed with suture, and then the animal
was allowed to recover.

4.3. Tissue preparation and immunohistochemistry

At twodistinct timepoints, 1weekand4weeks post surgery, the
rats were perfused transcardially with 0.1 M PBS (pH 7.4)
followed by 4% paraformaldehyde in PBS. The brains were re-
moved carefully so that the implanted neural probes remained
intact. After post-fixation of the brains in 4% paraformaldehyde
for 24 h, the implanted neural probes were carefully retrieved
from the brain tissue. The brains were cryoprotected in 30%
sucrose in PBS solution for approximately 48 h and then frozen
in Tissue Tek OCT embedding compound. Cryostat sections
30 μm in thickness were cut in the horizontal plane.

The floating sections were blocked with 4% normal goat
serum with 0.5% Triton X-100 (Sigma) for 1 h at room tem-
perature and incubated overnight at 4 °C with primary anti-
bodies. Secondary antibody incubations were performed at
room temperature for 1 h. All sections were counterstained
with the nuclear dye 4′,6-diamidino-2-phenylindole (DAPI;
Molecular Probes).

The following primary antibodies were used: rabbit poly-
clonal anti-glial fibrillary acidic protein (GFAP, 1:1000; Dako) to
identify astrocytes, mousemonoclonal ED1 (1:1000; Serotec) to
identify reactive microglia/macrophages, rabbit polyclonal
anti-Iba-1 to identify microglia/macrophages (1:500; Wako
Chemicals), mouse monoclonal anti-neurofilament 160
(NF160, 1:500; Sigma) to identify neuron cell body and pro-
cesses, mouse monoclonal anti-chondroitin sulfate (CS56,
1:100; Sigma) to identify CSPGs, mouse monoclonal anti-neu-
rocan (1:1000; Chemicon) to identify neurocan, and rabbit
polyclonal anti-NG2 (1:500; Chemicon) to identify NG2. The
secondary antibodies were diluted 1:200 in blocking medium.
In general, goat anti-rabbit IgG Alexa 488 (Molecular Probes)
was used for polyclonal primary antibodies, and goat anti-
mouse IgG1 Alexa 594 (Molecular Probes) was used for mono-
clonal primary antibodies. The secondary antibody for CS56
was goat anti-mouse IgM Alexa 594 (Molecular Probes).
Sections treated without primary antibodies were used to dis-
tinguish specific staining from nonspecific antibody binding.

4.4. Quantitative image analysis

Fluorescent images were captured from a Zeiss fluorescence
upright light microscope (Wetzlar, Germany) equipped with
an Olympus digital camera. The staining intensity was
quantified using a custom-built Matlab-based image analysis
program based on a method previously reported (Kim et al.,
2004). This program generated 30 line intensity profiles
starting from the probe–brain interface. The 30 line profiles
were averaged while keeping track of distance from the probe
to obtain the fluorescent intensity plots as a function of
distance from the implanted probe surface. To account for
variations in staining intensity due to immunohistochemical
methods, the fluorescent intensity in non-injured regions was
defined as background intensity for each brain section, and
was normalized to 1. The fluorescent intensity along the line
profiles was then quantified and plotted relative to the
background intensity.

For quantification of GFAP, ED1 and CS56 staining, the total
area under the intensity–distance curve subtracted by the
background area (the shaded area in Fig. 7A) was used to
calculate the total fluorescent intensity. Neurofilament (NF,
160 kDa) stainingwas used to assess neuronal loss. NF losswas
defined as the percentage of the NF loss area (the shaded area
in Fig. 7B) relative to the sumof NF loss area and the remaining
NF area within a 50-μm radius from the surface of the inserted
probe. The 50-μm radius was chosen because neurons more
than 50 μm away from the recording sites are difficult to
discriminate for single unit isolation (Henze et al., 2000). For
each marker analyzed, at least 12 sections from 4 rats were
used for quantitative data analysis, with a minimum of 3
sections taken from the cortical region for each brain (n=4).

4.5. Statistical analysis

Data are represented as the average value±the standard error
of the mean (S.E.M.). A general linear ANOVA model was used
to compare mean values of the different conditions. Pairwise
comparisonswere conducted using Tukey's 95% simultaneous
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confidence intervals, and P<0.05 was used to indicate statis-
tical significance.
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