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Abstract

Brain tissue inflammatory responses, including neuronal loss and gliosis at the neural electrode/
tissue interface, limit the recording stability and longevity of neural probes. The neural adhesion
molecule L1 specifically promotes neurite outgrowth and neuronal survival. In this study, we
covalently immobilized L1 on the surface of silicon based neural probes and compared the tissue
response between L1 modified and non-modified probes implanted in the rat cortex after 1, 4, and
8 weeks. The effect of L1 on neuronal health and survival, and glial cell reactions were evaluated
with immunohistochemistry and quantitative image analysis. Similar to previous findings,
persistent glial activation and significant decreases of neuronal and axonal densities were found at
the vicinity of the non-modified probes. In contrast, the immediate area (100 wm) around the L1
modified probe showed no loss of neuronal bodies and a significantly increased axonal density
relative to background. In this same region, immunohistochemistry analyses show a significantly
lower activation of microglia and reaction of astrocytes around the L1 modified probes when
compared to the control probes. These improvements in tissue reaction induced by the L1 coating
are likely to lead to improved functionality of the implanted neural electrodes during chronic
recordings.
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1. Introduction

Neural interface technologies are being developed to record neural signals from the brain
and decode these signals into controlled movements of a computer cursor, a robot, or an
artificial limb [1]. These technologies are currently at the early stage of human clinical trials
[2-7] and are designed as assistive means intended to help patients suffering from spinal
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cord injury, degenerative disorders, strokes interrupting descending motor pathways, and/or
limb amputation(s) [4-12].

Chronic recordings via microfabricated neural probes are known to deteriorate over time,
regardless of electrode or the animal model employed [13-16]. The lifetime of electrode
recordings has been reported to last from a few weeks up to several months [1, 17]. A
potential explanation for recording failure is thought to be the loss of neurons surrounding
the electrodes over time [13-15]. As neural recordings require proximity between the
electrode and the neuron (<100 pm), loss of neurons near the implant leads to the loss of
reliable signals [13]. Another possible cause of reduced electrode performance is chronic
gliosis, which results in a dense cellular sheath that encapsulates the neural probe and
isolates it from the surrounding brain tissue [13-15, 18]. Gliosis is mediated by
macrophages, activated microglia, and reactive astrocytes [14, 17]. Activated microglia and
macrophages are found to be concentrated at the electrode-tissue interface throughout the
implantation period. In addition, reactive astrocytes form a tight sheath around the implant,
which tends to stabilize after a few weeks. Although the activation of glial cells in response
to brain injury occurs to prevent further tissue damage, they are known to release pro-
inflammatory and neurotoxic factors that lead to neuronal death and degeneration as well as
factors that may inhibit axonal re-growth and regeneration [19-21].

Strategies to alter the implant surface are being developed to achieve chronically stable
electrode-tissue interfaces. Approaches to reduce the glial reaction include coating the
electrodes with bioactive molecules or anti-inflammatory compounds [14]. For example,
conductive polymers doped with peptides grown on the surface of electrode sites on silicon-
substrate microelectrodes have shown to improve the electrode-neuron connection [22-24].
The extra cellular matrix protein, laminin, was deposited on the surface of the neural probes
using a layer-by-layer deposition technique [25]. Laminin alleviated the prevalence of
gliosis but did not improve neuronal density around the implantation site at chronic time
points. A potent anti-inflammatory peptide alpha-melanocyte stimulating hormone (MSH)
was coated on the surface of neural electrodes [26]. MSH coating demonstrated the capacity
to reduce ED-1 staining of activated microglia and GFAP staining of astrocytes /n vivo.
Also, anti-inflammatory drugs such as dexamethasone have been used locally and
systemically to reduce activation of astrocytes and microglia at the implantation site [27-31].
The long-term effect of this anti-inflammatory drug on neurons and neural recording
remains to be determined. Purcell et al. reported the novel use of the drug Flavopiridol, a
cell cycle inhibitor, which showed some improvement of glial activation but with no
improvement on neural recordings [32]. Although the above-mentioned methods have
shown promise in the field, it is still considered a challenge to achieve long-term reliable
connections between the probe and the brain tissue at the cellular and/or biomolecular level.

In this study, we propose a novel method to improve the implant-tissue interface by
introducing the neural cell adhesion molecule L1 onto the probe’s surface. L1 is expressed
in most neurons in the central nervous system (CNS), and targeted on the surface of
developing axons and growth cones during development. L1 is known to mediate axon
outgrowth, adhesion, fasciculation, including axonal guidance and neuronal migration and
survival [33-36]. L1 has also been suggested to promote CNS regeneration in adult
vertebrates. During a study using zebrafish models with spinal cord injuries, the expression
of a homolog of the mammalian L1 was observed to increase in the successfully
regenerating descending axons but not in the ascending non-regenerating projections [37].
Enhanced recovery of rats from spinal cord injury were achieved when: 1) L1 expression in
neurons and glia was induced by viral transduction [38], 2) L1 overexpressing embryonic
stem cells were transplanted [39], and 3) the axonal growth-inhibiting environment was
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enriched with exogenous L1 [40]. These findings indicate that L1 is a molecule that
promotes CNS regeneration and/or prevents neuronal death.

During previous in vitrowork, we have reported that the immobilized L1 molecule on
silicon substrates supports primary neuronal growth and promotes neurite extension, while
suppressing glial cell attachment [41]. We hypothesize that L1 immobilized on the surface
of neural probes will promote neuronal growth on and around the electrode, and induce
axonal regeneration after implantation induced injury. Maintaining neuronal density and
neuronal health around the implant may reduce adhesion and activation of glial cells. The
presence of L1 may also directly inhibit glial cell attachment and reduce gliosis. To test
these hypotheses, L1 modified neural probes and non-modified (NM) control probes were
implanted in rat cortex for 1, 4, and 8 weeks. The cellular tissue response was evaluated for
the L1 probes and compared to NM controls after each time point.

2. Materials and Methods

2.1. Neural probes and L1 modification

Experimental studies were performed using NeuroNexus chronic supplementary kits
(NeuroNexus Technologies, Ann Arbor, MI) consisting of four-shank silicon-based neural
probes mounted on dummy boards. The dummy boards were similar in size and shape to the
actual percutaneous connectors except lacking electrical connections. The design and
fabrication of these probes have been previously described in Drake et al. [42]. Probe
dimensions consisted of implant thickness of 15 wm, shank length of 4mm, and tip spacing
of 200 pm.

Prior to all procedures the probes were sterilized via ethylene oxide (EtO) sterilization. L1
immobilization was performed on the silicon dioxide surface of the probes using silane
chemistry and the hetero-bifunctional cross-linking reagent, 4-maleimidobutyric acid N-
hydroxysuccinimide ester (GMBS) (Sigma Aldrich, USA) as previously reported [41, 43].
Briefly, after cleaning and hydroxylation of the silicon dioxide surface with HNO3 (Sigma
Aldrich), the probes were carefully immersed in a 2% solution of (3-mercaptopropyl)
trimethoxysilane (MTS) (Sigma Aldrich) and treated for 1 hour with 2 mM of GMBS. L1
(100 pg/ml) (purified at our laboratory) was applied for 1 hour at 4°C on the GMBS treated
surface. The L1 imm obilized probes were rinsed with PBS (pH 7.4), and treated with 100
KM Poly(ethylene glycol)-NH» (PEG-NH>) (JenKem, Allen, TX) solution for 30 min to cap
any active NHS ester groups of the GMBS. The L1 modified probes were implanted
immediately after this process.

2.2. Surgical procedures

Twelve adult male Sprague-Dawley rats (250 + 20 g) were used throughout this study. Four
animals per time point were implanted on each hemisphere with either a NM probe or L1
modified probe. Three end points were investigated: 1 week, 4 weeks, and 8 weeks. These
endpoints were chosen to observe the acute (1 week) and chronic tissue responses (4 and 8
weeks). The animals were housed in the facilities of the University of Pittsburgh Department
of Laboratory Animal Resources and given free access to food and water. All experimental
procedures complied with the United States Department of Agriculture guidelines and were
approved by the University of Pittsburgh’s Institutional Animal Care and Use Committee.
The probe implantation techniques were followed as previously described in Vetter et al.
[16]. The NM or L1 modified probes were implanted in the motor area of the cerebral cortex
of the animal. General anesthesia was achieved with a mixture of 5% isoflurane in 1 L
min~1 O, for 5 minutes prior to implantation surgery and maintained to effect (1-3%
isoflurane). The state of anesthesia was closely monitored throughout the procedure
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observing the animals for changes in respiratory rate, heart rate, and absence of the pedal
reflex. The animals were placed into a stereotaxic frame and their head was shaved over the
incision area. The skin was disinfected with isopropyl alcohol and betadine and a sterile
environment was maintained throughout the procedure. Ophthalmic ointment was applied to
the eyes. An incision was made along the scalp and the skin was retracted to expose the
bregma and midline. A 2 mm x 2 mm craniotomy was hand-drilled above the motor cortex
(coordinates from bregma: AP: —0.5, ML: + 2.5-3.5). This method provided for a more
controlled craniotomy than the iatrogenic damage caused while using electric drills. For
each rat, one L1 probe was implanted on one cortical hemisphere while a NM probe was
implanted on the contralateral side. Several stainless steel bone screws were placed in the
skull to retain the dental acrylic head-cap and mimic functional probe surgical tethering
procedures. The dura layer was incised using a fine dura pick (Fine Science Tools, USA).
The probe was inserted manually into the motor cortex using Teflon-coated micro-forceps.
To minimize bleeding and severe tissue reaction, blood vessels visible on the cortical
surface were avoided during probe insertion. The craniotomy was filled with the
noncytotoxic silicone elastomer, Kwik-Sil (World Precision Instruments, Sarasota, FL),
followed by dental acrylic (Henry Schein, Melville, NY) (Figure 1). The overlying skin was
sutured around the dental acrylic head-cap and the animal was allowed to recover under
close observation in the surgical procedure room. To minimize variability associated with
the surgery, all implantations were performed by the same surgeon.

2.3. Immunohistochemistry

After each time point (1/4/8 weeks), animals were anesthetized with 50 mg/ml ketamine, 5
mg/ml xylazine, and 1 mg/ml acepromazine (Henry Schein) administered via the
intraperitoneal (IP) cavity with the dosage of 0.1 ml/100 g body weight. The animals were
transcardially perfused with 4°C PBS p rewash followed by 4% (w/v) paraformaldehyde in
PBS. The brain tissue was removed and postfixed overnight (4°C). Following electrode
retrieval, brain tissue was equilibrated in 30% sucrose solution (4°C) until it sunk to the
bottom and later cryopro tected using the optimal cutting temperature (OCT) compound
(Tissue-Tek, Torrance, CA). Serial horizontal sections were cut at a 20 um thickness to
approximately 3 mm cortical depth.

To minimize variability, tissue sections were stained at the same time for each antibody of
interest. Six consecutive serial sections were stained for six different cellular markers at four
different cortical depths. The markers chosen to visualize the presence of neuronal nuclei
(NeuN), astrocytes (GFAP), activated microglia/macrophages (ED-1), mature axons
(NF-200), microglia (Ibal), and astrocytes/fibroblasts/endothelial cells (Vimentin) are
shown in Table 1.

Tissue sections were hydrated in buffer (PBS), blocked with 10% normal goat serum in PBS
for 45 min followed with PBS containing 0.5% Triton X-100 (Sigma). The sections were
then incubated overnight with the primary antibodies prepared in blocking solution (4°C)
with concentrations shown in Table 1. The next day, sections were rinsed in PBS and
incubated for 1 hour in either goat anti-rabbit 1gG (H + L) Alexa 488 or goat anti-mouse
1gG1 Alexa 488 (Invitrogen, USA) secondary antibodies were diluted at a ratio of 1:200 in
blocking solution. All sections were counterstained using Hoechst (Invitrogen) nuclear dye
to observe cell nuclei and cover-slipped with Fluoromount-G (Southern Biotechnology
Associates, Birmingham, Alabama) to preserve fluorescence over time. Buffer was used in
place of primary antibodies for control tissue samples.

Only two L1 probes and 1 NM probe were successfully retrieved after animal perfusion for
further qualitative analysis. Difficulty upon retrieval was faced with all probes due to their
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delicate material composition. The salvaged probes were stained for p-tubulin 111 (Table 1)
to identify neuronal cells present on the probe’s surface.

2.4. Quantitative brain tissue analyses

Confocal fluorescent and optical differential interference contrast (DIC) images were
acquired using a Nikon Al (Nikon Instruments, Inc., Melville, NY) microscope. Images for
each specific antibody were taken in a single session to reduce the discrepancy during data
analysis. The exposure time of each marker was consistent and was set below the saturation
of the digital camera. During laser scanning confocal imaging, each pixel was obtained
using the same laser power and detector gain setting for each specific antibody stained
tissue. For analysis purposes a 10x objective was used with the electrode sites centered in
the camera field. Four sections at different depths in the brain (approximately Depth 1 =
300m, Depth 2 = 700 m, Depth 3 = 1100m, and Depth 4 = 1500m) below the rat cortex
surface were imaged per each stain shown in Table 1. This was performed to observe the
tissue response at different depths along the shaft of the implanted probes.

Average pixel intensity was calculated as a function of distance from the electrode-tissue
interface using the image-processing program, ImageJ (National Institute of Health,
Bethesda, MD). A macro was written to perform the desired analysis. Briefly, (GFAP/ED-1/
Ibal/NF/Vimentin) stained images were cropped where one out of four probe shank tracks
fit within a window of ~1200 pm in height and ~300 wm in width. An outline of the probe-
tissue interface was defined by a combination of the DIC and UV fluorescence image
(Figure 2A). This outline served as the template at which thereafter 20 um regions following
the same outline shape were segmented up to 520 pwm away around the probe-interface. The
average gray scale pixel intensity (1-255 a.u.) for all the pixels in the 20 m areas were
calculated and plotted as a function of distance. To correct for background differences and
produce unitless values, the average pixel intensity was normalized to a distant uninjured
section (420 wm - 520 pm) for each image (also defined as background). All data were
averaged across multiple sections from all 4 animals for each time point and depth.

NeuN stained images were quantified by estimating the number of neurons as a function of
distance from the electrode interface. NeuN stains for neuronal cell bodies and the NeuN
images were processed for cellular counts. Each image was segmented using a marker-based
watershed algorithm in ImageJ and the NeuN+ cells were counted at 50 pm increment bins
away from the interface up to 600 wm away from each side of the probe’s interface (Figure
2B). The results were normalized to the background cellular count (500-600 pwm away from
the interface) and averaged across results for each time point and depth conditions.

2.5. Statistical analyses

Statistical analyses were performed using the SPSS statistics software (SPSS, Inc., Chicago,
IL). For experiments that involved the comparison of two conditions, the standard Student’s
t-test (a=0.05) was performed. T-test analyses were used to compute p-values comparing
NM and L1 data at different distance increments such as 0-100 um from the interface and up
to 400-500 wm away from the implant/tissue interface. Differences were considered
significant for p < 0.05. T-test analyses were also performed to compare the average data
from the 0-100 wm increment distances from the interface with the background data. The
background data consisted of the average pixel intensity of the 420 pm - 520 wm distance
increments for the NF, GFAP, Vimentin, Ibal and ED-1 stains. For the NeuN+ cell analyses,
background data was considered the average number of NeuN+ cells in the 500-600 pm area
from the probe tissue interface.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Azemi et al.

3. Results

Page 6

For comparisons involving multiple conditions, one-way standard analysis of variance
(ANOVA) was used. NM or L1 probe data were compared this way through the 3 different
time points and also through different depths. When a significant difference was found
between groups Tukey’s Honest Significant Difference (HSD) post-hoc test was utilized to
identify pairwise differences. Differences were considered significant for p < 0.05.

3.1. Neuron density and axonal immunoreactivity (NeuN and NF)

The impact of electrode implantation on the surrounding neuronal population was assessed
by immunostaining for both NeuN, a nuclear antigen found only in neuronal cells, and
NF-200, which stains for mature axons. Representative images for NeuN+ cells at the 8-
week time point around the L1 and NM probes are shown in figures 3A,B respectively. The
normalized cell counts of viable neurons around the implant’s interface as a function of
distance at different time points are plotted in figures 3D-F. For the NM control probes,
neuronal decrease when compared to background tissue were evident within the 200 wm
area around the implants at all time points. The L1 modified probes maintained a normal
density of neuronal cell bodies around the electrode interface. Significant differences using
t-test analysis were found between L1 and NM probes for NeuN+ cell counts at all time
points in the area of 0-100 wm around the interface (Table 2). Normalized cell counts within
the 100 pm area at all time points for the L1 and NM conditions are plotted in figure 3C. For
the NM probe, a lower than background neuronal cell count was observed at all time points,
with no statistically significant difference found within time points. For the L1 modified
probe, there was an initial slight increase in cell count at week 1 when compared to
background (indicated by normalized data in arbitrary units (a.u.)). During the later time
points, the neuronal density seemed to reach background levels and remained unchanged.

NF-200 is a marker for mature axons. Representative images for NF staining at the 8-week
time point for L1 and NM probes are shown in figures 4A,B. The NF+ axons are increased
around the L1 probes interfaces while the NM probes show reduced axonal density. The
average gray pixel intensity of NF stain at the 3 different time points was calculated and
normalized to the background intensity. L1 modified vs. the NM control probes were plotted
as a function of distance (Figures 4D-F). For the NM control implants, we observed
reductions in NF reactivity when compared to background levels intensity extending as far
away as 200 um in some cases, but on average this reduction was observed to be significant
in the 100 wm area around the implant site. In contrast, for the L1 implants, a mirrored
significant increase in the NF staining compared to the background was observed (Figure
4D-F). The p-value differences in NF intensity between the two conditions were compared
at different spatial regions away from the electrode-tissue interface (Table 2). In comparison
with the L1 probe, mature axons showed a statistically significant lower density around the
NM probe within the 100 m area around the electrode interface at all time points as well as
within 100-200 wm area for the first week (Table 2). The integrated NF intensities at the
0-100 pm region around the probes’ interfaces for L1 and NM at all 3 time points are
illustrated in Figure 4C.

3.2. Astroglia reaction (GFAP and Vimentin)

GFAP, a commonly used marker to visualize astrogliosis, is expressed by mature astrocytes
and upregulated after insult. Immature and reactive astrocytes, fibroblasts, microglia, as well
as endothelial cells, express the Vimentin marker. This marker in addition to GFAP is
generally used to indicate gliosis formation. Representative images of GFAP+ and Vimentin
+ cells around the L1 and NM probes at the 4-week time point are shown in figures 5A,B
and 6A,B, respectively. The average pixel intensities of GFAP and Vimentin stained
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sections were quantified as a function of distance from the tissue interface of the probes.
Figures 5D-F show the intensity distribution of GFAP+ cells surrounding the insertion site
for both L1 and the NM control probes. Figures 6D-F show the intensity distribution of
Vimentin+ cells surrounding the probe insertion sites. The average intensity curves are
plotted as a function of distance from the implant interface and normalized to the
background intensity.

The characteristics of the GFAP expression differed with distance from the electrode at the
three different end points (1, 4, and 8 weeks) (Figures 5D-F). After 1 week, the peak of the
GFAP intensity curve was found to be as far as 75 wm away from the interface. After 4
weeks, the peak of GFAP expression was closer to the interface (~25 um). After 8 weeks,
the highest expression levels of GFAP were in the immediate vicinity of the probe interface
(Figure 5F). This trend was seen around both L1 and NM probes. However, the intensity of
the GFAP staining was significantly lower for the L1 coated probes than the NM controls at
all time points at the vicinity of the probes (Table 2). This significance was observed only in
the 100 pm region around the probe-tissue interface for all time points (Figure 5C).

Vimentin expression showed similar trends as the GFAP reactions for both L1 and NM
control probe conditions (Figures 6D-F). One-week post implantation, Vimentin expression
for the NM control probe was observed to increase all around the interface, reaching normal
intensity values at approximately 150 pm away from the probe’s interface. At 4 and 8
weeks, for the NM control probes the normal intensity values were achieved around 100 pum
from the interface. The average intensity of Vimentin+ cells was significantly decreased
around the L1 modified probes compared to the NM control for all time points within the
100 pm region (Figure 6C).

3.3. Microglia/Macrophage reaction (ED-1 and Ibal)

Microglia form a front line of defense during the acute and chronic inflammatory responses.
These cells are known to be part of the persistent glial sheath. ED-1 is a specific marker to
detect reactive microglia and/or macrophages. For both L1 and NM probes, most of the
ED-1+ cells were observed to be in proximity to the electrode interface site (Figures 7A,B).
Comparison of ED-1 immunostaining revealed significantly higher immunoreactivity in
animals implanted with NM control probes compared to L1 probes for all time points,
indicating a higher number of macrophages and activated microglia (Figures 7D-F). This
significant difference was observed at each time point within the 100 m region (Table 2 and
Figure 7C).

Ibal is expressed in normal microglia and upregulated in activated microglia. Ibal intensity
plots showed similar trends as the ED-1 reactivity (Figures 8D-F). However, the 1bal
staining had a more diffuse microglia response zone (Figures 8A,B). Pairwise comparisons
revealed no significant change between L1 and NM probe at week 1 (Table 2) although
significance was seen at 4 and 8 weeks in the 0-100 pwm area around the probes (Figure 8C).

3.4. Additional results

Quantitative analyses were performed for different depths along the probes’ shaft at all time
points. Differences were found between some depths and time points; however, no
significant trends were observed to report here.

Several probes were retrieved after each time point and stained for p-tubulin 111, a neuron
specific marker. The L1 modified probes at the 4-week time point showed a significant
attachment of neuronal processes (Figure 9A) while the NM probes did not shown any p-
tubulin I11 positive staining (Figure 9B). Although the success rate of retrieving probes was
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too low to perform any quantitative comparison, the fact that neurons and neuronal
processes are directly attached to the L1 probe’s surface is a significant finding.

4. Discussion

Silicon- based neural probes are used as tools to study the nervous system and as therapeutic
strategies to restore lost function in the nervous system due to trauma or disease. Chronic
implantation of these devices involves inevitable acute injury and chronic inflammation
indicated by the loss of neurons and glial scaring [1, 14, 18, 44]. Current approaches to
mitigate these responses include surface modification to promote neuronal attachment and/
or delivery of anti-inflammatory, neuroprotective, and neurotrophic factors directly at the
implant-tissue interface [25-27, 31, 32, 45, 46]. Although such strategies have shown to
reduce the host brain response around the implant site to various degrees, significant
improvement in both neuronal density and gliosis at the acute and chronic time points have
not been demonstrated.

In this study, we demonstrate that the immobilization of neuron specific L1 protein on the
surface of probes remarkably reduces gliosis response while promoting neuronal density at
the implant tissue interface at both acute (1 week) and chronic (4 and 8 weeks) time points.

We studied the brain tissue response of 4 shank chronic Michigan probes, which produce
multiple penetrating injuries and are known to lead to pronounced neuronal loss and glial
activation [13, 47]. Staining for neuronal cell bodies showed a significant reduction of NeuN
immunoreactivity around the non-modified (NM) control probes at all time points. The
significant reduction of NeuN+ cells compared to background tissue was restricted to a 150
pm area around the probe-tissue interface indicating that neuronal loss is a localized
interfacial event. In previous studies, Biran et a/. has reported neuronal cell loss up to 120
pwm from the single shank Michigan probes at 2 and 4-week time points [13]. McConnell ef
al. using four-shank Michigan probes also showed significant neuronal reduction compared
to background verified by the NeuN marker up to 100 um from the interface at 2 and 8
weeks. Uniquely in this study, a 16-week chronic time point of was examined to show an
increased neuronal loss extending 300 wm away from the probe’s interface, suggesting
progressive neuronal degeneration [20].

We also observed a significant decrease of axonal density at the vicinity of the implant
indicated by NF-200 staining, compared to background tissue at all time points. Biran ef a/.
also reported this phenomenon at the 2 and 4 weeks end points [13]. McConnell et a/. did
not observe any significant difference in the NF-200 axonal marker for all time points,
speculating that axons were spared or that this phenomenon was an indication of axonal
sprouting [20]. One thing to note here is that the McConnell study used untethered probes,
while the current study and Biran et al’s study use tethered probes in order to better mimic
functional probe applications. Using tethered implants have demonstrated to cause increased
tissue reaction [18].

The neuronal response of the L1 modified probes was noticeably different from the NM
control implants. The number of NeuN+ cells surrounding L1 modified probes did not
decrease when compared to the background tissue from 1 to 8 weeks following
implantation. Remarkably, we also found that the presence of L1 on the surface of the probe
significantly increased axonal outgrowth towards the probe when compared to the NF
background tissue staining. This significant increase in axonal density adjacent to the L1
implants was found at all time points. In addition, as observed after implant extraction,
neurons and neurites were attached on the surface of the probes. This evidence suggests that
the L1 on the surface of the probes interacted with the L1 on the axons of the nearby host
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neurons, leading to enhanced neuronal adhesion and neurite outgrowth on and around the
probes presumably via homophilic bindings. Throughout development, neurons are known
to extend their axons via L1-L1 homophilic interactions [34, 48]. In addition to axonal
extension, L1 has also shown to be a survival factor for neurons /in vitroand in vivo [49].
Cerebellar neurons respond with a marked increase in CAMP levels [50], which is known to
be effective in improving the survival of dopaminergic neurons and protecting them from
the cytotoxic effects. The same mechanism could help the neurons that are injured/affected
by the device insertion to survive the inflammatory and cytotoxic signals that lead to
neuronal death. L1 has also been considered to be a potent molecule for neural regeneration.
Zhang et al. has shown that GAP-43 and L1 co-expressed in Purkinje cells can act
synergistically to switch these regeneration-incompetent CNS neurons into regeneration-
competent phenotypes /n vivo [51]. Here, we hypothesize that the high concentration of L1
on the surface of probes may also play a crucial role in promoting the regeneration of
injured neurons present in close proximity of the probe insult.

For the glial responses, we observed similar trends around the NM probes at all time points
as it has been previously reported in several studies [14, 17, 20, 25, 28, 31, 44]. During these
previous studies, the microglia/macrophage cells were found adjacent to the NM implants
indicating their early recruitment and activation. On the other hand, the astrocytic response
became denser with time forming a tight sheath/scar tissue around the device. Here, we
show the spatial distribution of reactive astrocytes surrounding the implants as determined
by GFAP staining. GFAP immunoreactivity for both NM and L1 probe conditions increased
as a function of time within the 100 wm region. It appears that reactive astrocytes
progressively push neurons away from the recording zone, one of the suggested failure
mechanism modes during single unit recordings [14, 17]. The L1 modified implant showed
similar trends to the NM implant, although with a significant decrease of 78%, 83%, and
57% (week 1, 4, and 8 respectively) at the immediate intensity profile (0-20 um) of the
probe’s interface. Vimentin is expressed in reactive astrocytes and meningeal cells.
Meningeal cells are similar to fibroblasts but are found in the meninges. Meningeal
fibroblasts stain for Vimentin but do not stain for GFAP and are known to migrate down the
probe’s shanks from the surface of the brain (pia and dura mater) to form the early basis for
gliosis [22]. Vimentin in this study seemed to be more confined to the implant interface than
the GFAP immunoreactivity, indicating the presence of fibroblasts closer to the implant
interface due to the initial vascular injury. Compared to the NM probes, L1 implants
indicated a significant decrease of Vimentin activity at all time points. This response to L1
probes agrees with a previous study that has shown L1 to be inhibitory to fibroblast
attachment /n vitro [35].

In addition, we stained for microglia cells using ED-1 and Ibal. ED-1+ cells, a combination
of hematogenous macrophages and activated microglia, were much more prevalent adjacent
to all implants observed at all time points. The presence of ED-1+ cells at the later time
points indicates that local bleeding does not only occur during the acute injury. The initial
implant vascular damage might increase the sustained activation of microglia next to the
electrodes. It has also been suggested that ED-1 immune reaction is caused by or
exacerbated by an increase in device mation due to electrode anchorage to the skull [18].
Remarkably, L1 modified implanted animals showed a significant reduction of ED-1
immunoreactivity at the electrode-tissue interface. Ibal immunoreactivity showed similar
trends to both tested implants, with a broader spatial distribution since Ibal stains for all
microglia present in the brain tissue.

The mechanisms for the reduction of microglia and astrocyte activation around the L1
modified probes are not known. We hypothesize the following mechanisms: 1) The surface
bound L1 might specifically attract the nearby neurites onto the probe’s surface and might
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keep these neurons around the proximity of the probe while also keeping non-neuronal cells
away from the implant, 2) Microglia and astrocytes are recruited and activated upon the
presence of a trauma/foreign body. The L1 surface presents a biological surface that might
disguise these cells in behaving less responsive to the foreign implant material, and 3)
Microglia/macrophages are usually the cells that first respond to a foreign implant and they
are often found to be most adjacent to the implant [14, 44]. These cells can have
dramatically different functions from proinflammatory and degenerative, to anti-
inflammatory and neuroprotective [19, 21]. The interaction of L1 on microglia and
macrophage has not been studied. We speculate that L1 might have interacted with these
cells, via unknown mechanisms, to turn on the anti-inflammatory pathways which lead to
minimized gliosis and promote neuronal health and regeneration.

In summary, we report the cellular responses associated with the presence of the
biomolecule L1 on the surface of silicon-based microelectrode arrays. Around all L1
modified probes, at all tested time points, we observed a decreased microglia and astrocyte
reaction compared to the NM control probes. Most importantly, we saw a normal
arrangement of neuronal bodies around the implant with a substantial increase of mature
axons around and also attached onto the surface of the L1 modified probes. The chemical
stability of this covalently bound protein layer in vivois difficult to characterize. However,
the long lasting biological effect observed up to 8 weeks suggests that 1) the L1 coating is
stable for 8 weeks, or 2) perhaps more likely, it mitigated the initial inflammatory tissue
response and provided a healthy substrate for neurons which later lay down their own
growth matrix. Neuronal and dendritic loss at 16 weeks have been reported [20]. It would be
appealing to run longer-term studies in the future, in order to further investigate whether this
later stage of neuronal degeneration can be reduced or avoided using the L1 coating.

The surface immobilization of L1 presented here showed promising effect in improving
neuronal density and mitigating gliosis around neural probes. The long lasting effect on
neuronal density around the probe has not been previously demonstrated by other surface
modification or drug delivery approaches. Although extensive detailed studies at the cellular
and the molecular level are required to shed more light on the precise mechanisms
responsible for this effect, the high neuronal density around the probe is expected to lead to
better neural recording. Future studies involving longer time points and functional probes
are essential in understanding the impact of the L1 induced biological effect on chronic
neural recordings. Failure of chronic recordings may be caused by multiple factors and a
single surface modification approach is not likely to solve the problem completely. The
ultimate solution should be a combination of approaches that serve to mediate the
mechanical, chemical, and biological differences between the micro-device and the neural
tissue.

5. Conclusions

The present study demonstrates that covalent attachment of the neural adhesion protein L1
on silicon based electrode arrays significantly reduced the microglia and the astrocyte
reaction, while maintaining the neuronal density and promoting axonal regeneration in close
proximity to the probe-tissue interface. These results suggest that the L1 coating can be a
promising strategy to improve biocompatibility of all types of neural probes in the brain and
furthermore enhance their chronic recording performance.
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Figure 1.
Schematic representation of the non-functional (dummy) probe implantation in the rat cortex
mimicking the same anchoring procedures as functional probes.
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Figure 2.

Quantifications using ImageJ. (A) Example GFAP+ (green) stained image. The average gray
scale intensity of pixels was quantified within 20 m bands from the initial probe interface
(shown as the first dotted line) as a function of distance up to 520 um away from the
interface. Highlighted region is the background region chosen for each image (420-520 m
bands) to normalize data. Scale bar 100 pm. (B) Example NeuN+ (green) stained image.
NeuN+ cell counts using performed using watershed algorithms within 50 m increment
boxes from each side of the probe’s interface center (marked in red). Highlighted region is
the background region used to normalize the NeuN+ cell counts (500-600 m). Scale bar 100

pm.
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Figure 3.

NeuN analysis. (A,B) Representative images of NeuN+ (green) cells around the NM and L1
probes at week 8. Probe tracts shown with dotted ovals to assist visualization. Scale bar =
100 pm. (C) Normalized cell count differences between L1 and NM probes for the 0-100
pm region away from the interface at different time points (*p<0.05). (D-F) Normalized
average NeuN+ cell number as a function of distance for all time points (mean % s.e.m.).
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NF analysis. (A,B) Representative images of NF+ (green) stained tissue at week 8. Probe
tracts shown with dotted ovals to assist visualization. Scale bar = 100 pm. (C) Normalized
NF intensity level differences between L1 and NM probes for the 0-100 pm region away
from the interface at different time points (*p<0.05). (D-F) Normalized average NF intensity
levels as a function of distance for all time points (mean * s.e.m.). Boxed regions show

statistical comparison of the intensity data between the 0-100 um distances around the

interface and the background for both L1 modified and NM probes was made (*p<0.05).
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Figure5.

GFAP analysis. (A,B) Representative images of GFAP+ (green) stained tissue at week 8.
Scale bar = 100 um. (C) Normalized GFAP intensity level differences between L1 and NM
probes for the 0-100 wm region away from the interface at different time points (*p<0.05).
(D-F) Normalized average GFAP intensity levels as a function of distance for all time points
(mean = s.e.m.).
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Vimentin analysis. (A,B) Representative images of Vimentin+ (green) stained tissue at week
8. Scale bar = 100 um. (C) Normalized Vimentin intensity level differences between L1 and

NM probes for the 0-100 wm region away from the interface at different time points

(*p<0.05). (D-F) Normalized average Vimentin intensity levels as a function of distance for

all time points (mean £ s.e.m.).

Biomaterials. Author manuscript; available in PMC 2012 July 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Azemi et al.

Page 20

Week 1 L1
= NM
31[ S
Lo
>
= D
g
£ £
g Week 4
Q
>
o
S \_
A
]
R e
fo
[]
E E
~ . . . w1 2y
= -t ey ety
- Sl Week 8
A >
g
38
N €
g
ESq 18 -- . .
o'a
Z 5 1 - - —====
g 0
=0 Week 1 Week 4 Week 8 0 80 160 240 320 400 480 520
C F Distance from interface (um)

Figure?7.

ED-1 analysis. (A,B) Representative images of ED-1+ (green) stained tissue at week 8.
Scale bar = 100 pm. (C) Normalized ED-1 intensity level differences between L1 and NM
probes for the 0-100 wm region away from the interface at different time points (*p<0.05).
(D-F) Normalized average ED-1 intensity levels as a function of distance for all time points
(mean £ s.e.m.).
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Figure8.

Ibal analysis. (A,B) Representative images of Ibal+ (green) stained tissue at week 8. Scale
bar = 100 pm. (C) Normalized Ibal intensity level differences between L1 and NM probes
for the 0-100 wm region away from the interface at different time points (*p<0.05). (D-F)
Normalized average Ibal intensity levels as a function of distance for all time points (mean
+s.e.m.).
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Figure9.

Observation of neurons attached on the probes 4 weeks post-implantation. p-tubulin 111
(green) and Hoechst (blue). Scale bar = 100 um. (A) L1 modified probe showed attachment
of neurons even after fixation and probe removal. (B) NM probe showed no attachment of
neurons but other cells were present on the probe as demonstrated by the Hoechst
counterstain.
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