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Abstract
The hypothesis is that mechanical mismatch between brain tissue and microelectrodes influences
the inflammatory response. Our unique, mechanically-adaptive polymer nanocomposite enabled
this study within the cerebral cortex of rats. The initial tensile storage modulus of 5 GPa decreases
to 12 MPa within 15 minutes under physiological conditions. The response to the nanocomposite
was compared to surface-matched, stiffer implants of traditional wires (411 GPa) coated with the
identical polymer substrate and implanted on the contralateral side. Both implants were tethered.
Fluorescent immunohistochemistry labeling examined neurons, intermediate filaments,
macrophages, microglia, and proteoglycans. We demonstrate, for the first time, a system that
decouples the mechanical and surface chemistry components of the neural response. The neuronal
nuclei density within 100 μm of the device at four weeks post implantation was greater for the
compliant nanocomposite compared to the stiff wire. At eight weeks post implantation, the
neuronal nuclei density around the nanocomposite was maintained, but the density around the wire
recovered to match the nanocomposite. The glial scar response to the compliant nanocomposite
was less vigorous than to the stiffer wire. The results suggest that mechanically associated factors
such as proteoglycans and intermediate filaments are important modulators of the response of the
compliant nanocomposite.
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1. Introduction
Despite the increasing evidence of the importance of cellular mechanotransduction on tissue
repair and homeostasis (Clark et al., 2007; Ingber, 2006), the role of mechanical mismatch
has not been fully elucidated in an in vivo study to explain the interplay of chemical and
mechanical factors that contribute to glial scarring surrounding intracortical implants.
Previous research in vitro and in silico has supported the importance of mechanical signaling
in several cell types in the brain. Cultured astrocytes have been shown to respond to
mechanical stimuli via calcium signaling (Ostrow and Sachs, 2005). Investigations have
shown that higher strain rates for cultured astrocytes lead to an increased reactivity (Cullen
et al., 2007). Cell types have responded differently to substrate stiffness as well. Notably, the
rate of astrocyte and neuron proliferation as well as oligodendrocyte spreading and neuronal
branching were influenced by substrate stiffness (Kippert et al., 2009; Flanagan et al., 2002;
Georges et al., 2006). Substrate stiffness is also known to shift cell differentiation in
mesenchymal stem cells to be neurogenic, myogenic, or osteogenic (Engler et al., 2006).

In addition to the effect of substrate stiffness, in silico modeling studies indicate that
indwelling electrodes exert forces on local populations of cells (Lee et al., 2005; Subbaroyan
et al., 2005; McConnell et al., 2007). Over time, the implanted electrode is anchored to the
tissue via the extracellular matrix and neural inflammatory cells (including microglia and
astrocytes), resulting in cellular attachments to the electrode modifying the forces exerted on
the brain tissue (McConnell et al., 2007). Micromotion associated with electrode movement
within the tissue and the mechanical properties of the electrode dynamically change the level
of exerted forces on the cortical tissue during scar maturation. This phenomenon can also be
exacerbated as a result of mechanically tethering the electrodes to the skull. In vivo studies
which focus on the effects of electrode tethering have shown that untethered implants reduce
the extent of the glial scar (Biran et al., 2007; Kim et al., 2004; Subbaroyan, 2007). It has
been suggested that a reduced glial scar results from the reduction in forces applied to the
tissue. Alternately, it has been proposed that less scarring is the result of limited meningeal
ingrowth in response to untethered implants (Subbaroyan, 2007).

To investigate the effects of mechanical mismatch between the electrodes and the cortical
tissue, several groups have developed electrode substrates and substrate coatings from
materials such as polyimide, polydimethylsiloxane (PDMS), and parylene, which are more
compliant than materials traditionally used to create electrodes. However, these materials
have had limited success in attenuating glial scar formation. A limitation to many of these
studies is that such materials still have moduli 6 orders of magnitude larger than that of the
brain, while also introducing different surface chemistries that could confound the tissue-
material interaction (Lee et al., 2004; Nikles et al., 2003; Takeuchi et al., 2004; Wester et al.,
2009; Takeuchi et al., 2005) and complicate the interpretation of these results. Of interest,
surface treatments of electrode materials with a poly(vinyl alcohol)/poly(acrylic acid)
hydrogel have reduced astrocyte reactivity, measured through the expression of glial
fibrillary acidic protein (GFAP) (Lu et al., 2009).

Given the evidence for the contribution of mechanical force to the glial scar from in vitro, in
silico, and in vivo experiments, we hypothesize that the in vivo glial scar response is
influenced by a chronic stiffness mismatch between the soft brain tissue and stiff
intracortical implants. To create an in vivo device to characterize the importance of
mechanical compliance of intracortical implants on both the chronic inflammatory reaction
and the long-term electrode performance, we used our recently developed mechanically
adaptive polymer nanocomposite, previously described in detail (Capadona et al., 2007;
Capadona et al., 2008; Capadona et al., 2009; Shanmuganathan et al., 2010a, b, 2009). Our
previous work has demonstrated that the polymer nanocomposite can reduce its tensile
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storage modulus from 5 GPa to 12 MPa within 15 minutes upon exposure to simulated
physiological conditions in artificial cerebral spinal fluid (ACSF) at 37°C (Capadona et al.,
2007; Capadona et al., 2008; Capadona et al., 2009; Shanmuganathan et al., 2010a, b, 2009).
The polymer nanocomposite has modest aqueous swelling of 60–75%, in comparison to the
several hundred percent exhibited by hydrogel approaches. Here, we have created model
electrodes from the adaptive polymer nanocomposite (NC) material. We have demonstrated
that the nanocomposite material performs similar in vitro and in vivo (Harris et al., 2011).
While the previous work performed modest histological analysis, this is a more complete
histological report on their use as cortical implants demonstrating that there are both foreign
body elements, as well as mechanical effects, contributing to the overall tissue response at
the biotic-abiotic interface. These components of the inflammatory response appear to be
separate, but intricately coupled to the neuronal response.

2. Materials and Methods
2.1. Implant Fabrication and Imaging

Implants consisted of two types, referred to as nanocomposite (NC) and wire. NC implants
were created by casting films from a dimethylformamide (DMF) solution of poly(vinyl
acetate) and tunicate whiskers as reported previously (Capadona et al., 2008). The NC had a
cellulose whisker content of 15% w/w. The resulting films were used to create sheets via a
custom mold in a hot press (Carver, Wabash, IN). Sheets were used to create 3 mm long
probes that measured 100 ± 5 μm in thickness and 203 ± 19 μm in width with an
approximately 45 ± 3° angle tip (figure 1a) via a cutting process. The cutting process created
a nanocomposite with two types of surfaces: two pressed sides (figure 1c) and two cut sides
(figure 1d). Both implant types were single shank probes with nearly the same cross-
sectional area Refer to (Harris et al., 2011) for a characterization of implant mechanical
properties the NC material.

Wire implants consisted of 50 μm diameter tungsten wires (AM-Systems, Sequim, WA)
from which the Teflon insulation was mechanically stripped using cutting tweezers. Wire
implants (figure 1b) were dip-coated in a solution of poly (vinyl acetate) (PVAc, MW
113,000g/mol, density 1.19g/cm3, Sigma Aldrich) in toluene at a concentration of 10% w/w
at 70°C. A droplet of PVAc was placed on the edge of a glass dish and the tungsten wire
was steadily dragged through the drop repeatedly about twenty times or until the coated wire
had a diameter of ~ 160 μm. Samples were then cut into 3mm long sections, and with the
aid of a microscope, sections of uniform diameter of 160 μm were selected for implantation.

A scanning electron microscope (SEM) imaged the NC and wire implants at high
magnification. Both the NC and wire implants were covered with a thin layer of Palladium,
approximately 7–10 nm. The samples were then attached to a chuck with Teflon tape and
placed inside the S-4500 Hitachi SEM. Samples were imaged at various magnifications and
angles (figure 1c–e).

2.2. Water Contact Angle
To analyze the surface hydrophilicity of the two implants, water contact angle measurements
were performed on sheets of the nanocomposite and neat PVAc. Sheets of nanocomposite
were made as described above, and the fabrication of neat polymer sheets was performed as
described in previous literature (Harris et al., 2011). The FTA 200 (First Ten Angstroms,
Portsmouth, VA) instrument dispensed and imaged droplets on the sheets. Three to five
samples from sheets were imaged, and the FTA32 software program analyzed the water
contact angle. On the image, the user set the base of the droplet and one fourth of the
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envelope of the drop. The program calculated the angle using the base and envelope of water
droplet.

2.3. Surgical Procedures
All surgeries were performed under sterile conditions with autoclaved instruments. Both
wire and NC implants were sterilized via an autoclave before implantation. The modulus of
NC implants was measured and verified to be unaltered by the autoclave process (data not
shown). The same surgeon performed all surgeries while an assistant monitored anesthesia
levels and manipulated equipment. All procedures were approved by the Case Western
Reserve University Institutional Animal Care and Use Committee (CWRU IACUC) and
minimized pain and discomfort of the animal.

Male Sprague-Dawley rats from 206–335g were implanted bilaterally with a wire and a NC
probe. The implants were affixed to sterile ceramic forceps tips (Fine Science Tools, Foster
City, CA) with glucose. Anesthesia was induced via an intraperitoneal injection of ketamine
(80 mg/kg) and xylazine (10 mg/kg). After the animal reached the surgical plane, as
determined by lack of response to toe pinch, the animal's head was shaved and eyes
protected via sterile ocular lubricant. A circulating water mat was placed underneath the
animal while the animal was fitted with a thermometer and pulse oximeter (Surgivet,
Waukesha, WI) to monitor vitals. The animal was secured on a stereotaxic frame (Stoelting
Co., Wood Dale, IL) fitted with a gas mask. The animal was ventilated (Engler, Hialeah, FL)
with oxygen; once the animal started to come out of the initial ketamine/xylazine induction
(determined by whisking, reacting to toe pinch, raised heart beat), Isoflurane (1–3%) was
introduced to oxygen flow to maintain a surgical level of anesthesia.

After securing the animal, marcaine (~0.1 mL, diluted 1:5 with saline) was injected before
incision as a local anesthetic, and the head area was sterilized with betadine and alcohol. An
incision along the midline exposed the skull. Skin was retracted using an eye speculum.
Bilaterally, a 3 mm biopsy punch (Miltex, York, PA) was used to drill 2 implant sites
centered 4.5 mm caudal to the bregma, 3 mm lateral to the midline. The biopsy punch
prevented heat damage caused by motorized drills and provided a well-defined 3 mm
opening. Three screws were implanted for later fixation of dental cement. For both
openings, one screw was placed 1 mm caudal to the biopsy punch-produced openings. The
remaining screw was placed 4mm rostral to the biopsy hole on the animal's left side. After
three 0–80 × 3/32 screws were attached to the skull, a fine 45° angle microprobe (Fine
Science Tools, Foster City, CA) was used to create an opening in the dura (approximately 1
mm diameter) for both implant sites. After manually lowering the implant to the surface of
the brain, an automated mechanical inserter controlled by LabView 7.1 (National
Instruments, Austin, TX) inserted the implants 2 mm into the tissue at a rate of 2 mm/s. A 1
mm tab was left exposed above the brain tissue to enable tethering via Kwik-Sil (WPI Inc,
Sarasota, FL). Kwik-Sil sealed the implant sites, and dental cement (Stoelting, Wood Dale,
IL) was applied to cover the implant sites and screws. The skin was sutured with 5-0 polypro
sutures (Henry Schein, 1016409, Melville, NY) enclosing the dental cement headcap. Each
animal received one wire and one NC implant in random order and side placement.

After surgery, an animal was isolated in a clean cage on a warm water blanket and
monitored every thirty minutes until sternal. One antibiotic shot of cefazolin (20 mg/kg) and
one analgesic shot of buprenorphine (0.01 mg/kg) were given on the day of surgery. Two
cefazolin shots, same dose, were given the day following surgery, while buprenorphine was
given as needed. No steroids were applied at any time throughout the implant period. Each
rat was monitored regularly after surgery for signs of distress, weight loss, and dehydration.
In rare cases, complications with infections and sutures caused early euthanasia and these
animals were removed from the study. In the remaining animals, some animals exhibited a
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large void around the implant. The response was analyzed and determined to be a result of
excessive bleeding after implantation. These hemispheres were excluded from analysis since
the response was due to insertion trauma rather than the response to the implant.

2.4. Fixation, Tissue Preparation, and Immunohistochemistry
After the designated timeframe, four or eight weeks, animals were euthanized by
transcardial perfusion. Animals were first anesthetized to a surgical plane as described
above. Perfusion rate was controlled via a mechanical pump (VWR, West Chester, PA) with
500 mL of D-PBS (Invitrogen, Carlsbad, CA) or when no trace of blood was seen exiting
the right atrium. Approximately 250 mL of 10% buffered formalin (Fisher, Pittsburgh, PA)
fixed the tissue of the animal. The brain and probes were placed in formalin for 24 hours,
after which the brain was then transferred to fresh formalin. The brain remained in fresh
formalin for up to one week, until it was cryoprotected in 30% sucrose solution.

After removing the probes, brains were frozen in embedding molds (Electron Microscopy
Products, Hatfield, PA) containing OCT compound (Sakura, Tokyo, Japan) and mounted
and sectioned horizontally by a cryostat (Thermo Fisher Scientific, Waltham, MA) creating
30 μm thick slices. Slices chosen were spread over the whole length of the implant while
remaining slices were preserved in cryoprotectant solution (Watson et al., 1986). Following
procedures outlined previously (Biran et al., 2005), slices were labeled via a free-floating
protocol.

Briefly, slices were placed in blocking solution overnight at 4°C. Blocking solution was
composed of 4% (v/v) normal goat serum (Sigma-Aldrich, St. Louis, MO), 0.3% (v/v)
Triton-X-100 (Sigma-Aldrich), and 0.1% (w/v) sodium azide (Sigma-Aldrich) in 1× D-PBS
(Invitrogen, Carlsbad, CA). Slices were then placed in fresh blocking solution with primary
antibodies (table 1) overnight at 4°C. On the third day slices were placed in blocking
solution with secondary antibodies, goat anti-rabbit IgG or anti-mouse IgG1 or IgM, Alexa
Fluor 594, 488, and DAPI dilactate (Invitrogen, Carlsbad, CA) for one hour at room
temperature. After primary and secondary application periods, three, 15 minute washes in
PBS were performed on a shaker. Slices were mounted and cover slipped using
Fluoromount-G (Southern Biotech, Birmingham, AL).

2.5. Image Acquisition and Analysis
Images of slices were taken by an Axio Imager.Z1M Microscope and AxioCam MRm CCD
camera (Zeiss, Thornwood, NY). Implant sites were centered in the field, and exposure
settings were set to prevent overexposure. The settings were then maintained the same for
the whole set of stained images. Four automated exposures were performed on every site:
one bright field and 3 fluorescent colours. Seventeen animals with bilateral implants were
analyzed at four weeks. After removing hemispheres with excessive insertion trauma, there
were 11 trials for the wire and 16 for the NC. Seven animals were analyzed after eight
weeks. Statistical analysis based on prior work predicted that about 10 animals were needed
for analysis. On average, three slices were used per animal for a given label.

A custom Matlab R2009b (MathWorks, Natick, MA) script was developed to measure the
intensity around the implant. The script automatically detected the border and area of the
implant based on the bright field image. Bright field images were used for border detection
since it was difficult to see the actual border in fluorescent images. Therefore, some
fluorescent images appeared to have a larger implant area than actual. This effect and the
variable shrinkage of tissue during histology contribute to the apparent variation in size of
implants pictured in fluorescent images. Calculating the size of the implants in images, the
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average sizes of the implants were similar. 23,329 ± 3279 μm2 for NC and 24,513 ± 5264
μm2 for wire.

One hundred, equally spaced, radial lines emanated from the centroid of the implant area.
For each one of the 100 rays, the intensity (pixel values) over the first 200 microns
immediately external to the border were measured around the implant site (figure 2a). The
average intensity of the 100 rays was divided by the background measurement of the image
to account for differences between images due to photobleaching and other effects inherent
in fluorescent immunohistochemistry. Background intensity values were measured per
image at the edge of the image, at least 300 μm from the implant and outside the region
measured for the response. Several measurements were made for each image including peak
intensity, near integral intensity (0–50 μm), and far integral intensity (50–100 μm) as well
as certain intervals dictated by the data and highlighted in the text.

For certain IHC labels, an additional evaluation of IHC intensity was performed to
determine the effect of the nanocomposite side on the response. A subset of the 100 rays
were averaged to measure intensity of the pressed sides versus the cut sides of the
nanocomposite. Based on the cutting technique used to create the probes, the pressed side
was the longer of the two sides. The majority of images analyzed had clearly discernable
long and short sides. Images with indistinguishable sides were left out of analysis.
Approximately 10 of the 100 rays were used to determine image intensity based on a single
side. For each slice, the two long sides were averaged together and the two short sides were
averaged together. Therefore, approximately 20 of the 100 rays determined the reaction to
the cut sides, and a separate 20 of the rays determined the reaction for the pressed sides. The
first 20 μm and 50 μm of the intensity were examined for DAPI and ED1 to examine the
effect of the surface roughness on the tissue response. A mean intensity was computed over
the distance as well as the 95% confidence interval of the mean intensity. DAPI analysis was
performed to analyze the total cell density around the implants. Analysis of ED1 was
performed since previous literature has indicated that ED1 positive cells are often closest to
the implant (Biran et al., 2005).

The automatic detection removed human error across samples, but could result in the
inclusion of up to 3–5 μm of the image without tissue, which could slightly distort data in
this range. The distance between the implant and the peak tissue response error is within 5
μm, but is consistent between the experimental conditions and does not affect the results of
this work.

Another custom Matlab script used the same border detection algorithm, but
computationally isolated and highlighted nuclei (figure 2b). After the automated marking, an
investigator manually reviewed the identification and added or subtracted nuclei missed by
the algorithm. After marking, Matlab computed the distance from each nucleus to the border
along the ray emanating from the centroid of the implant site. These distances were binned
into 10 μm increments, and a histogram was created for the number of nuclei. The counts
were scaled by dividing by the area of the corresponding 10 μm-wide concentric polygonal
donut to provide the neuron density.

2.6. Statistics
In order to estimate the effect of the implant type on the outcome, the differences between
measured values (e.g. the peak intensity, integrals, cell count, etc.) were modeled using a
multilevel model. The model (Equation 1) included a baseline level for the outcome (β0), a
fixed effect for the difference in the outcome based on the implant type (β1), a random effect
for each animal (b0,i), a random effect for each slice within each animal (c0,ij), and residual
error (eijk):
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(1)

where i indexes the rat, j indexes the slice, and k indexes the side. If β1 was significantly
different than zero, the implant had a significant effect on the outcome of interest. All
statistical analysis was completed in the statistical package R (R Foundation for Statistical
Computing, Vienna, Austria) (R Development Core Team, 2009; Pinheiro et al., 2009).

3. Results
3.1. Water Contact Angle

Water contact angle measures show that there is no significant difference between the
hydrophobicity of the PVAc wire coating and the PVAc-NC material being studied. The
nanocomposite had a contact angle of 70.3 ± 2.2° and the neat material had a contact angle
of 64.0 ± 3.1°. A two sample t-test did not show any significant differences in the contact
angle (p=0.22).

3.2. Neuronal Nuclei
NeuN (neuronal nuclei) labeled cells showed neuronal nuclei around the probe (figure 3).
There is a reduction of neuronal density towards the tissue-implant border for both implants.
At four weeks, however, the neuronal density within 200 μm of the nanocomposite (NC)
implant is significantly greater than it is around the wire (figure 3a,b). At eight weeks, the
neuronal density around both implants types is no longer significantly different at any
distance from the implant (figure 3a,b). For the wire, the neuronal density within a radius of
20 μm from the interface is significantly greater at eight weeks than four weeks (p=0.04).
The data at other intervals is not statistically significant, but trends indicate that neuronal
density around rigid wire implants increases between four and eight weeks to a density
similar to the NC at both four and eight weeks. Further, there are no trends in decreasing
neuronal nuclei density between four and eight weeks with the NC.

Representative images of NeuN for c) four week NC, d) four week wire, e) eight week NC,
and f) eight week wire. Scale bars 100 μm.

3.3. Astrocytes
Analysis of GFAP labeling indicates the reactive astrocytic response. The intensity of GFAP
labeling peaks approximately 10–20 μm from the tissue-implant border and gradually
decreases further away (figure 4a,b). For both four and eight week data, the 0–50 μm region
from the implant exhibits hypertrophied astrocytes with a reactive morphology (figure 4c–f,
4c inset). Astrocytes outside of 200 μm do not exhibit GFAP labeling (figure 4c–f). At four
weeks, the maximum intensity and 0–50 μm integral of intensity are not significantly
different between tissue around wire and NC implants, though the 50–100 μm intensity
integral is significantly greater (p=0.05) for wire samples compared to NC at four weeks. At
eight weeks, the intensity maximum is significantly greater around the wire implants than
the NC implants (p=0.04), and the intensity integral from 25–100 μm around wire implants
is significantly less than the NC (p=0.03). There are no statistical differences for GFAP
intensity with wire samples between four and eight weeks, but the labeling for GFAP around
the nanocomposite at eight weeks is significantly greater over the 20–80 μm interval than at
the four week timepoint (p=0.03). Additionally, GFAP labeling tends to be more diffuse or
less compact around the NC than the wire at eight weeks (figure 4b, e, f).
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3.4. Proteoglycan
Chondroitin Sulfate Proteoglycan (CSPG) is a structural component of extracellular matrix
and its upregulation within the glial scar has been linked to inhibition of axonal outgrowth
(Silver and Miller, 2004). Intensity for CSPGs, via labeling for CS56 antibodies (table 1),
peaks within 15 μm from the border (figure 5a–f). The peak around the NC implant returns
to baseline by 50 μm for the four and eight week samples implanted with NC; levels remain
elevated around the four week wire implant up to 150 μm. The wire implants at eight weeks
feature a response that returns to baseline by 100 μm from the tissue-implant border (figure
5b,e,f). CS56 labeling at four weeks was significantly greater around the wire than NC
starting at 10 μm and extending out to 150 μm (p<0.01) (figure 5a,c,d). At eight weeks, the
peaks and integrals were similar for tissue around NC and wire implants.

3.5. Vimentin
Vimentin labeling is associated with immature astrocytes, extracellular matrix components,
and developing axons (Alonso, 2005; Pekny, 2003; Levin et al., 2009). At both timepoints,
vimentin expression is upregulated with a peak at 10 μm from the implant (figure 6a–f) and
decreases to baseline levels by 100–150 μm from the implant border. At four weeks (figure
6a,c,d), the vimentin intensity maximum and 0–32 μm intensity integral for NC implants is
significantly greater than for the wire implants (p<0.01). Note that at 32 μm there is an
intersection of the two implant profiles. At eight weeks (figure 6b,e,f), measures of vimentin
labeling are not significantly different between the NC and wire. In the interval of 10–150
μm from the tissue-implant border, the intensity integral around the wire significantly
decreased from four to eight weeks (p=0.03).

3.6. Macrophages/Microglia
Analysis of IBA1 and ED1 labeling quantified the density of activated microglia and
macrophages. IBA1 labels all microglia (figure 7a–f) and ED1 labels (figure 8a–f) activated
microglia and activated macrophages. Microglia as shown by IBA1 labeling appeared
punctate or amoeboid near the border and a ramified morphology away from the implant
site. The microglia response was characterized by intense IBA1 labeling 10 μm from the
border that rapidly decreased to near background levels at more than 100 μm from the
border. ED1 labeling (figure 8a–f) exhibited similar features but was limited mainly to
amoeboid cells close to the implant interface.

The four and eight week IBA1 maximum intensity (figure 7a–f) from tissue around the NC
is significantly greater than the intensity from tissue with wire implants at the same time
point (p=0.02, p<0.01). The 0–150 μm intensity integral is significantly greater from
samples around the eight week NC than from the eight week wire (figure 7b,e,f). Response
changes for a particular implant type are not significant between four and eight weeks.

The peak intensities of ED1 at four and eight weeks are not significantly different between
the NC and the wire (figure 8a–f), but the 17–150 μm intensity integral is significantly
greater for wire implants compared to NC at four weeks (p=0.03). The 0–150 μm ED1
intensity integral significantly decreases for the wire from four to eight weeks (p=0.04). The
0–50 μm ED1 intensity integral is significantly greater for the nanocomposite compared to
wire implants at eight weeks (p=0.03) (figure 8b,e,f).

3.7. IHC intensity based on NC side
To examine the effect of surface roughness on the IHC response, we examined DAPI and
ED1 labeling across many animals. Several different examinations of intensity were
examined, but no examination yielded significant effects based on side. The complete
numbers are shown in Table 2. Similar intensity between sides indicates that the difference
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of mean intensities between sides is less than the 95% confidence interval. A sign test for the
paired data was performed to determine if the there was a statistically significant difference
based on side. The results indicate that side does not have a significant effect on the tissue
response.

4. Discussion
The results presented here support the hypothesis that the mechanical mismatch between
brain tissue and microelectrodes influences the inflammatory response. Specifically, we
found that the implant stiffness affects the neuronal response and composition of the glial
scar, as the NC implanted animals had a significantly greater neuronal density than the wire
implants at four weeks. These results aligned with previous studies that reported neuronal
nuclei density was reduced around the implant in conjunction with similar upregulation of
identical glial scar factors (Winslow and Tresco, 2009; Biran et al., 2005; Zhong and
Bellamkonda, 2007).

In this work, we implanted nanocomposite probes and neat PVAc coated tungsten wires. To
confirm that surface roughness and morphology were not factors in the response, we
analyzed the nanocomposite and neat PVAc. Examination via SEM showed that the neat
polymer had a smooth surface (figure 1e), and the nanocomposite had two sides of different
roughness. The pressed side of the nanocomposite had a smooth surface with only minor
indentations (figure 1c). The cut side of the nanocomposite had a rough surface (figure 1d).
Under 50,000× magnification (figure 1d, inset), the tunicate whiskers of the nanocomposite
were clearly evident and protruded on the cut edge.

Next, we examined whether differences in surface roughness were contributing to the tissue
response. There are two distinct sides with different surface roughness, and we investigated
whether the side affected the tissue response. The examination of the response based on side
indicated that the response was similar between the two sides of the nanocomposite. These
results support that surface roughness did not affect the tissue response. From SEM images,
the surface roughness differences between wire and nanocomposite were much less than the
differences between sides of the nanocomposite. Collectively, the data suggests that our
observed differences in tissue response are not due to differences in surface roughness. Our
findings agree with previous research that has shown that the surface roughness of implant
does not effect the tissue response past 4 weeks (Szarowski et al., 2003).

To further examine the nanocomposite and the neat polymer, we investigated the surface
chemistry via water contact angle. The nanocomposite and neat polymer had similar water
contact angles. Since the two materials had a similar hydrophobicity, the data suggests that
surface chemistry was not drastically modified by the insertion of tunicate whiskers into the
neat polymer. Therefore, the analysis of the nanocomposite and neat polymer suggests that
any effect of surface roughness and surface chemistry should be contributing similarly, if at
all, to the different tissue responses to the materials.

The tissue response in our results was similar to previous reports (Winslow et al., 2010;
Winslow and Tresco, 2009). However, in our case, the classical markers of the glial scar
(GFAP and ED1) do not fully explain the differences seen in neuronal density around each
of the implant types at four weeks. Though the softer nanocomposite implant had a
significantly greater neuronal density around the probe than the rigid wire after four weeks,
there was not a significant difference in GFAP or ED1 labeling (peak or 0–50 μm interval).
In the 0–50 μm interval nearest to the device, considered critical for unit recording, the brain
tissue around the NC implants had nearly twice the neuronal density than that around the
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wire implants at four weeks that may improve recording of single units from neurons located
close to the implant at that time period (Buzsáki, 2004).

Examining the correspondence of GFAP and neural density in our results, GFAP did not
account for all the differences seen between neuronal densities around the implant types.
Specifically at four weeks, the GFAP peak intensity and the 0–22 μm intensity integrals
were similar for both implant types while there was a significant difference over the same
range for neuronal density. This may be due to the wide assortment of roles, both positive
and negative associated with astrocytes. Astrocytes have been implicated in several different
functions associated with cytoskeletal structure including neurotransmitter maintenance and
blood brain barrier function (Simard et al., 2003; Ortinski et al., 2010). GFAP positive cell
functions can be neuroprotective, as transgenic animals without GFAP show a larger
functional deficit after injury (Faulkner et al., 2004). Detrimental to neural protection,
astrocytes have been implicated as a diffusion barrier (Roitbak and Sykova, 1999),
remyelination limiter (Fawcett and Asher, 1999), and producer of cytokines and
extracellular matrix components such as fibronectin (Shearer et al., 2003) and CSPGs
(McKeon et al., 1999). Since astrocytes have been tied to many structural components
including cytoskeletal arrangement and secretion of ECM components, it is believed that
GFAP would be a key component in mechanical signaling. Therefore, it is notable that the
rigid wire created a wider radius of GFAP activation at four weeks, but a more compact scar
at eight weeks. A wider radius is suggested by a nearly significant difference over 22–150
μm intensity interval (p=0.06) and a significant difference over the 50–100 μm intensity
integral (p=0.05) at four weeks (figure 4a,c,d). Further, the peak intensity of GFAP
expression was larger for the wire (p=0.04), yet the distribution of GFAP expression was
broader for the NC at eight weeks (25–100 μm, p = 0.03, figure 4b,e,f). From four to eight
weeks, the neuronal response (NeuN) and GFAP labeling around the NC implant was
unchanged. This suggests the NC formed a static scar. Yet, with wire implants, the GFAP
expression at eight weeks became more compact, and NeuN positive cells in the same region
of tissue appeared to increase around wire implants. The results from wire implants suggest
that the scar is continuing to compact and remodel in response to the greater mechanical
stiffness.

Cytoskeletal components play a major role in the ability of a cell to interface with and
respond to the extracellular environment. The type and quantity of the filament are
important in determining the ability of the cell to respond to the mechanical environment
and move through the extracellular space (Alberts, 1994). In addition to GFAP, vimentin is
an intermediate filament expressed in astrocytes and was investigated here (see (Pekny,
2003) for a review). In contrast to GFAP, the peak intensity and 0–32 μm intensity integral
for vimentin labeling were significantly greater at four weeks for the NC, compared to the
wire. Historically, vimentin has been tied to immature astrocytes, but recent research has
linked vimentin expression to rapid neurite extension in response to damage (Levin et al.,
2009). Likewise, NG2+ cells that express vimentin have been proposed to support repair of
central nervous system (CNS) damage, and stabilize axons in response to dieback from
ED1+ cells (Alonso, 2005; Nishiyama, 2007; Busch et al., 2010). Here, the increase in
vimentin labeling around four week implants was associated with more neurons around NC
implants than wire implants (figure 6a,c,d, 3a,c,d). This is consistent with potential
neuroprotective implications for vimentin positive cells. Thus, we believe the correlation is
due to positive effects associated with the intermediate filament vimentin. At eight weeks,
the contrast in vimentin levels was no longer evident, which also correlates with similarity in
neuronal densities around each implant type, further supporting the role of the intermediate
filament, vimentin in supporting the neuronal density around the cortical implant. We
believe that these results suggest that the expression of intermediate filaments in the tissue
surrounding our implants is related to the mechanical properties of the electrode material.
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To further examine the role of mechanics in the wound healing response, we examined
another component of the glial scar, proteoglycans. Proteoglycans are negatively charged
polysaccharide chains, and are an important structural constituent of the extracellular matrix
(ECM) (Alberts, 1994). When found in elevated concentrations within tissue, the high
density of negative charges found across their backbone have been shown to sequester
cations, causing large amounts of water to diffuse out of adjacent tissue, into the
proteoglycan rich areas. This phenomenon creates a swelling pressure that enables the tissue
to withstand compressive forces. A subclass of proteoglycans secreted by astrocytes,
Chondroitin Sulfate Proteoglycan (CSPG), has been shown to be deposited by astrocytes in
gradients of increasing concentration towards the injury site (Silver and Miller, 2004).
Interestingly, our results indicated that the area with elevated CS56 labeling (label for
CSPGs,) is much larger around the wire implants than around the NC at four weeks (figure
5a,c,d). This is in agreement with previous research demonstrating that CSPGs inhibit
neuronal outgrowth (Silver and Miller, 2004; Busch and Silver, 2007; Fawcett and Asher,
1999), further supported by our four week NeuN staining (figure 3a,b,c,d). Additionally, in
vitro experiments have shown increased CSPG labeling in response to increased strain
(Cullen et al., 2007), further supporting our hypothesis that the mechanical mismatch
between brain tissue and microelectrodes influences the response.

While our results provide interesting insights into the NC, reduced mechanical forces, and
improved neuronal densities, we cannot ignore the cofounding effects of the inflammatory
mediating microglia cells. Microglia and macrophage cells mediate the inflammatory and
immune response to minimize bacterial/viral invaders (Kreutzberg, 1996). Macrophages
have also been implicated in axonal dieback (Horn et al., 2008). Many studies of the tissue
response to intracortical electrodes have focused on macrophage activation in response to
indwelling implants (Biran et al., 2005). Activated macrophages and microglia, as labeled
by ED1, were similar for peak intensity and the 0–17 μm (border to divergence point)
intensity integral at four weeks (figure 8a,c,d). Similar to the GFAP and CSPG responses,
there is a greater radius of ED1 activation in tissue around the wire implants at four weeks;
the 17–150 μm intensity integral was greater for wire implants at four weeks. At four weeks,
increased ED1 activation can be loosely associated with decreased NeuN labeling over
similar distance from the electrode tissue interface. At eight weeks, ED1 activity was less
pronounced around wire implants (figure 8b,e,f), which corresponded to an apparent
recovery in NeuN positive tissue.

While ED1 labels only activated macrophages and microglia, IBA1 marks all microglia and
macrophages. The four and eight week IBA1 maximum intensity (figure 7a–f) from tissue
around the NC was significantly greater than the intensity from tissue with wire implants at
the same time point (p=0.02, p<0.01). Differences between IBA1 and ED1 labeling can
therefore be attributed to the presence of either resting microglia or a subset of beneficial,
“alternatively activated” (M2), macrophages (Kigerl et al., 2009). The ED1 peak intensity
was similar between the two implant types at four weeks, but the IBA1 peak for NC was
18% greater than the wire, indicating the presence of microglia cells independent of levels of
activated cells (ED1) (figure 7a,c,d, 8a,c,d). For the NC implants, the presence of additional
non-ED1 reactive microglia and higher neuronal density at four weeks may indicate a
beneficial role of microglia. Regardless of the state of the macrophages/microglia, the
results suggest an ongoing reaction for both implant types since activated macrophages
should return to baseline 21 days after a stab injury to cortex (Fujita et al., 1998; Nisbet et
al., 2009). Our results are consistent with research showing a sustained response to
indwelling implants (Winslow et al., 2010; McConnell et al., 2009).

Indicators of the glial scar components suggest that mechanics continues to modify the glial
scar at eight weeks. Although, the mechanical-associated labels, GFAP and CS56, no longer
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show a similar increased radius of activation around wire implants at eight weeks, GFAP
labeling (figure 4b,e,f) around wire implants exhibit a more compact, higher peak than the
compliant NC implants. Prior work (Frampton et al., 2010) hypothesizes that a more
compact GFAP response increases the impedance of an electrode which may decrease the
quality of electrode recordings. Aligning with previous research (Fujita et al., 1998; Nisbet
et al., 2009), both implant types appear to lowered ED1 activation from four to eight weeks
(figure 8a–f) suggesting an ongoing reaction that lessens over time. The 0–50 μm intensity
integral for ED1 and IBA1 was significantly greater around NC implants than the wire
implants at eight weeks (figure 7b,e,f and 8b,e,f), but further work is needed to determine
whether the difference is neuroprotective, neurotoxic, or neither at longer time points.
Regardless of the similar neural densities at eight weeks, the nanocomposite continues to
modify the overall tissue response up to eight weeks.

Another possible interpretation of the data is that softer implants are affecting the time-
course of the response rather that final results, and hence, similar neuronal densities at eight
weeks. It is known that the insertion event causes trauma, but it is unknown how stiffness
might affect the repair of this trauma. Previous research has shown the response past four
weeks is independent of size, shape, and surface roughness (Szarowski et al., 2003), but the
softer nanocomposite may allow for quicker repair of insertion damage. The increased levels
of vimentin and IBA1 at four weeks could indicate a more robust healing process.
Additionally, the similar neuronal densities between NC and wire at eight weeks coupled
with the recovery of the neuronal density around wire implants to nanocomposite levels
could suggest a quicker repair around NC implants. In this paper, our goal was to
demonstrate that there is an effect based on probe stiffness. Further experiments are
necessary to clearly describe the time course of the response and the specific effects of probe
mechanics on that time course.

In summary, the four and eight week results show that the nanocomposite material modifies
the glial scar and neuronal density around implants in comparison to stiffer wire implants.
Four week nanocomposite implants feature greater neuronal densities than wire implants,
and several glial scar labels such as GFAP, CSPG, and ED1 show a larger radius of
activation from the implant-tissue border around wire implants than NC implants. Notably
GFAP and CSPGs, structural components, suggest the involvement of mechanics in the
tissue response. Eight week results provide further evidence that the response to implants is
ongoing, dynamic, and modified by the nanocomposite. Results show that the
nanocomposite can maintain its neuronal density for at least eight weeks despite
macrophage/microglia activation.

5. Conclusions
By utilizing our mechanically adaptive polymer NC materials, it is possible to separate the
foreign body response to the implanted electrodes from the effect of material stiffness.
While mechanical properties of the materials correlate to differences between neuronal
densities at four weeks, we also demonstrate that the NC parallels the response to the field-
leading wire at eight weeks (Winslow and Tresco, 2009; Winslow et al., 2010). Our data
also suggest the importance of controlling vimentin and CSPG response to improve neuronal
density. Through the use of the mechanically adaptive nanocomposite, we demonstrate a
system that can decouple the mechanical and surface chemistry components of the neural
response. We expect this to be a valuable tool in future research regarding cortical tissue.
Our findings indicate two parallel tracks to capitalize on our work: 1) Further development
of advanced materials to modulate the response to mechanical and molecular factors and 2)
Research into mechanisms and neuroprotective pathways, specifically M2 macrophage/
microglia presence, CSPG reduction, and vimentin upregulation.
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Figure 1.
Materials bilaterally implanted in rodent cortex. a) Microscopic picture of PVAc-NC
polymer nanocomposite implant, 3mm in length, 200μm wide, 100μm thick. b) Microscopic
picture of PVAc-coated tungsten wire. The tungsten wire is 50μm in diameter before
coating. The diameter after coating is ~160μm. Light white lines outline the wire within the
PVAc coating. c–e) SEM images of implants. c) SEM image of pressed side of PVAc-NC
implant. d) SEM image showing cut side of PVAc-NC implant that is rough. The image also
shows the pressed side of the PVAc-NC implant at the bottom of the image. Inset, a higher
magnification SEM image shows the cellulose whiskers on the cut side of the PVAc-NC
implant. e) SEM image of the PVAc-coated tungsten wire.
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Figure 2.
Quantification of fluorescent immunohistochemistry (fIHC) staining via two methods.
Horizontal slices of representative brains shown. a) Representative image indicating the 100
radial lines drawn to compute the pixel intensity radiating outward from electrode – tissue
interface. b) Representative image showing computer and user selected cell bodies to
compute the distance of cell bodies from the electrode – tissue interface. Inset, Close-up of
marked cell bodies.
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Figure 3.
Analysis of NeuN Immunohistochemistry. a) Quantification of NeuN based on distance
from the tissue-implant border in response to implants: four week NC (square), four week
wire (asterisk), eight week NC (cross), eight week wire (circle). Points represent histogram
counts in 10 μm intervals. Counts have been scaled based on area as well as background
count per image. b) Average count of NeuN as a function of distance from the tissue-implant
border ± standard error. Four week NC (white), four week wire (black), eight week NC
(gray), eight week wire (striped) *= p<0.05 for intraweek comparisons, **<0.05 for
interweek comparisons.
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Figure 4.
Analysis of GFAP-Reactive Astrocytes as a function of distance from the tissue-implant
border. a) Relative intensity ± standard error as a function of distance from border of four
week NC (gray) and wire (black). Brackets indicate an integral of intensity. b) Relative
intensity ± standard error as a function of distance from border of eight week NC (gray) and
wire (black). Representative images of GFAP for c) four week NC, inset 50μm wide close-
up of reactive astrocyte, d) four week wire, e) eight week NC, and f) eight week wire. Scale
bars 100 μm. *=p<0.05.
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Figure 5.
Analysis of CS56-CSPGs as a function of distance. a) Relative intensity ± standard error as
a function of distance from border of four week NC (gray) and wire (black). Brackets
indicate an interval of integral of intensity calculation. b) Relative intensity ± standard error
as a function of distance from border of eight week NC (gray) and wire (black).
Representative images of CS56 for c) four week NC, d) four week wire, e) eight week NC,
and f) eight week wire. Scale bars 100 μm.*=p<0.05.

Harris et al. Page 20

J Neural Eng. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Analysis of vimentin as a function of distance. a) Relative intensity ± standard error as a
function of distance from border of four week NC (gray) and wire (black). Brackets indicate
an integral of intensity. b) Relative intensity ± standard error as a function of distance from
border of eight week NC (gray) and wire (black). Representative images of vimentin for c)
four week NC, d) four week wire, e) eight week NC, and f) eight week wire. Scale bars 100
μm.*= p<0.05.
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Figure 7.
Analysis of IBA1-Microglia immunohistochemistry as a function of distance from the
tissue-implant border. a) Relative intensity ± standard error as a function of distance from
border of four week NC (gray) and wire (black). Brackets indicate an integral of intensity. b)
Relative intensity ± standard error as a function of distance from border of eight week NC
(gray) and wire (black). Representative images of IBA1 for c) four week NC, d) four week
wire, e) eight week NC, and f) eight week wire. Scale bars 100 μm. *= p<0.05.
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Figure 8.
Analysis of ED1-Activated Macrophage and Microglia immunohistochemistry as a function
of distance from the tissue-implant border. a) Relative intensity ± standard error as a
function of distance from border of four week NC (gray) and wire (black). Brackets indicate
an integral of intensity. b) Relative intensity ± standard error as a function of distance from
border of eight week NC (gray) and wire (black). Representative images of vimentin for c)
four week NC, d) four week wire, e) eight week NC, and f) eight week wire. Scale bars 100
μm. *= p<0.05.
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Table 1

Summary of Primary Antibodies.

Antibody Vendor (Part #) Dilution Isotype Cell Type/Labeling

GFAP Chemicon (AB5804) 1:1000 Rb IgG Astrocytes

NeuN Chemicon (MAB377) 1:500 Ms IgG1 Neurons

CD68 (EDI) Chemicon (MAB1435) 1:250 Ms IgG1 Activated Macrophages, Microglia

IBA1 Wako (019–19741) 1:615 Rb IgG Microglia

CS56 Sigma (C8035) 1:500 Ms IgM Chondroitin Sulfate Proteoglycans

Vimentin Sigma (V6389) 1:200 Ms IgG1 Varied- Immature/reactive astrocytes, microglia, endothelial cells, and
fibroblasts
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