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Abstract

Implantable neural electrode technologies for chronic neural recordings can restore functional
control to paralysis and limb loss victims through brain-machine interfaces. These probes,
however, have high failure rates partly due to the biological responses to the probe which generate
an inflammatory scar and subsequent neuronal cell death. L1 is a neuronal specific cell adhesion
molecule and has been shown to minimize glial scar formation and promote electrode-neuron
integration when covalently attached to the surface of neural probes. In this work, the acute
microglial response to L1-coated neural probes was evaluated /n7 vivo by implanting coated
devices into the cortex of mice with fluorescently labeled microglia, and tracking microglial
dynamics with multi-photon microscopy for the ensuing 6 h in order to understand L1’s cellular
mechanisms of action. Microglia became activated immediately after implantation, extending
processes towards both L1-coated and uncoated control probes at similar velocities. After the
processes made contact with the probes, microglial processes expanded to cover 47.7% of the
control probes’ surfaces. For L1-coated probes, however, there was a statistically significant 83%
reduction in microglial surface coverage. This effect was sustained through the experiment. At 6 h
post-implant, the radius of microglia activation was reduced for the L1 probes by 20%, shifting
from 130.0 to 103.5 um with the coating. Microglia as far as 270 pm from the implant site
displayed significantly lower morphological characteristics of activation for the L1 group. These
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results suggest that the L1 surface treatment works in an acute setting by microglial mediated
mechanisms.
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1. Introduction

Chronically implanted neural electrodes have emerged as basic neuroscience research tools
and effective therapeutics [1-6]. Specifically, microscale recording and stimulation
electrodes have played a fundamental role in understanding and modulating the basic neural
circuitry underlying complex neural networks [7-11] . In human clinical applications,
implantable brain computer interface devices have demonstrated great promise in the ability
to restore functional motor control [12,13]. However, the recording potential of implanted
neural electrodes is limited by instability since the signal quality degrades over months to
years post implant [7,14-17] . The degradation of the signal quality over time is understood
to be a combination of material failure and biological factors [18].

Material failures largely result from corrosion and delamination of the electrode sites [19—
25], cracks in the electrical traces [26-28], and delamination of insulation materials
[18,25,28-30], all of which are exacerbated by perpetual strain caused by tissue
micromotion during movement [28,31,32]. Biological failure modes of neural interfaces
result from multiple sources that ultimately lead to meningeal cell invasion and fibrous
encapsulation [14,33], insulting glial scar encapsulation, and neural degeneration [34,35].
Electrode insertion is a traumatic process, and even insertions that avoid large pial arteries
and veins will break capillaries in the cortex, causing blood-brain barrier disruption
[18,36,37]. This leads to an influx of plasma proteins that adsorb onto the surface of
microelectrodes [18,36] and infiltration of inflammatory cells [38-40]. The combination of
plasma proteins and cells, necratic cell debris, and mechanical strain imposed by probe
insertion causes an upregulation of proinflammatory cytokines that initiate the cascade of
reactive tissue response [18,41-44]. Using two-photon microscopy, we have observed that
nearby resident microglia immediately activate by retracting most of their processes while
extending a few processes towards the probe in order to cover the surface of the implant with
a lamellipodia sheath [41]. Over the following days, microglia and astrocytes aggregate at
the surface of the implant to form an electrically insulating astroglial sheath
[35,38,39,45,46]. Additionally, chronic inflammation leads to neural degeneration which
presumably diminishes signal [18,24,42]. Lastly, failure is also fueled by the decrease in
metabolic supply and neurotoxic waste product removal from loss of blood flow perfusion
and increased metabolic consumption from inflammation [18,41,42].

In order to improve neural interface performance longevity, neural engineers have explored
numerous intervention strategies. This includes changing the footprint of the probe or the
probe’s electrode sites [18,36,44,47-51,160], altering recording site materials [48,52-57],
applying flexible geometries or soft materials [26,27,36,58-62,161,162], creating
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dissolvable insertion shuttles for softer probe materials [63], locally delivering anti-
inflammatory or neuroprotective drugs [64—75], and modifying the probe’s surface
chemistry [36,76-78].

One promising method involves covalently attaching L1 cell adhesion molecule (L1) to the
surface of the probe. L1 is a transmembrane cell surface glycoprotein that functions through
homophilic interactions with L1 molecules on other cells to mediate cell recognition and cell
interactions [79,80]. It has been shown to play a critical role in neuronal adhesion, axonal
growth, neural migration, neural differentiation, and neuronal survival [81-89]. L1 is also
implicated in improving regeneration following lesions in both the central and peripheral
nervous systems [90-97]. Several studies have shown that L1 promotes neuronal cell
attachment and growth while inhibiting glial and fibroblast cell attachment in vitro [98—
101]. In the context of neural implants, our group has shown that covalent attachment of
brain tissue derived L1 to neural probes can reduce glial scarring, while simultaneously
encouraging neuronal attachment to the probe’s surface for at least 2 months post-implant
[61,76,77]. While these studies suggest L1 can modify the behavior of glial scars, the
mechanism behind this is unclear. In the present work, we use two-photon microscopy
(TPM) to study the dynamic microglial response to L1 coated microelectrodes for the first 6
h post-implant in living mice, as the first step to uncover the mechanisms. Compared to
uncoated microelectrodes, there was significantly less microglial coverage of the L1 probes
from 8 min—6 h post-implant, despite similar degrees of microglial process extension toward
both coated and control probes. This suggests that L1’s mechanism for preventing glial
attachment and scarring occurs rapidly after initial contact.

2. Methods

2.1. Neural probes and L1 protein immobilization

All studies were performed using four-shank NeuroNexus 16-channel, 15 um thick, 3 mm
long SOl silicon probes (NeuroNexus Technologies, Ann Arbor, MI) mounted on dummy
boards.

For quantitative analysis, L1 immobilization was conducted along the entire shank of the
probes (n = 7), and all control probes (n = 7) were pristine, uncoated arrays that were
washed with ethanol and phosphate buffer solution. L1 immobilization on the silicon dioxide
surface and iridium oxide electrode pads were carried out as previously described with
minor modifications [77,99]. Briefly, probes were cleaned and functionalized with either
HNO3 (Sigma Aldrich) or by serial washes in acetone, 50% (v/v) MeOH/ H20, and
chloroform before oxygen plasma cleaning (30W) for 1 min (Harrick Plasma, PDC-001)
[102]. Probes were silanized by immersion in 2% (3-mercaptopropyl) trimethoxysilane
(Sigma Aldrich) solution with 4-maleimidobutyric acid N-hydroxysuccinimide ester (2 mM,
Sigma Aldrich) for 1 h. Finally, probes were fully immersed in a 100 (ug/ml solution of
purified L1 protein (purified at our lab) for 1 h at 4 °C, and stored in sterile 1 x phosphate
buffer solution (Sigma Aldrich) until implantation. In an additional validation experiment (n
= 1), following silanization of the probe’s full surface, the probe was dipped only ~150 pm
in the L1 solution. This half-coating design allowed for comparison between L1 and no L1
conditions on the same probe (Supplemental Fig. 1). The L1 modified probes were stored in
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saline for up to 1 h prior to implantation. Previous studies have shown that the L1 coating
procedure yields a uniform 6.37 nm thick coating with 0.53 g cm™ density and increased
hydrophobicity (water contact angle: 69.8 + 1.7° for L1 coated v. 27.3 + 1.4° for unmodified
control) [99].

2.2. Surgery and probe insertion

Surgical procedures were conducted as previously described with 14 adult CX3CR1-GFP
transgenic mice with GFP expression in macrophages and microglia controlled by the
CX3CR1 promotor (Jackson Laboratories, Bar Harbor, ME) [41]. A cocktail of
intraperitoneally (IP) administered ketamine/xylazine (90/8 mg kg~1) was used to induce
anesthesia, with depth of anesthesia assessed by monitoring the toe-pinch response,
breathing, and heart rate. After animals were secured in a stereotaxic frame, scalps were
shaved, cleaned with 70% ethanol, and resected. Calvarial periosteum was scraped off with
cotton swabs, and a thin layer of Vetbond (3 M) was applied to dry the skull. A 1-1.5 mm
tall well of light-curable cement (Composite Flowable; Henry Schein, NY, USA) was set
around the margin of the exposed skull, following which a ~4-6 mm craniotomy was
performed with a high-speed dental drill over the visual cortex (V1 and V2; centered
approximately 2-3.5 mm caudal to Bregma and 1-3 mm lateral from midline). The
craniotomy site was frequently washed with saline to remove bone fragments and prevent
thermal damage of the underlying brain. A dental cement well was cured around the margin
of the craniotomy to hold a saline immersion with the microscope objective. After the skull
was thinned, it was carefully removed with fine-tip forceps. Following craniotomy, animals
were placed under a two-photon microscope using a 16x, 0.8 numerical aperture water
immersion objective (Nikon Inc., Milville, NY). Probes were stereotaxically targeted within
the V1/V2 portion of the craniotomy and inserted in a rostral direction into the cortex at a
30-35° angle and parallel to midline at 50-100 pm s~1 (oil hydraulic microdrive; MO-81,
Narishige, Japan) to a final resting depth of 250-300 um (layer 1I-111) beneath the surface of
the brain (Fig. 1). Major blood vessels were identified prior to insertion and avoided. All
animals had a similar density of capillaries within the imaging window. Little or no bleeding
was observed during insertion, though some spontaneous bleeding was observed throughout
the 6 h experiment. Immediately prior to imaging, sulforhodamine 101 (SR101) was injected
IP as a vascular contrast agent (red; 0.02-0.04 cc; 1 mg mI~1). Updates of SR101 (0.01 mg
mlI~1) and ketamine (22.5 mg kg~1) were administered approximately every 30 min to
maintain vascular contrast and a deep anesthetic plane. Updates of ketamine and SR101
were given through an IP catheter line (Braintree Scientific, Inc., USA). Minimal edema was
observed throughout the 6 h experiment. All procedures and experimental protocols were
approved by the University of Pittsburgh, Division of Laboratory Animal Resources and
Institutional Animal Care and Use Committee in accordance with the standards for humane
animal care as set by the Animal Welfare Act and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.3. Two-photon imaging

In vivo imaging was conducted with a two-photon laser scanning microscope consisting of a
scan head (Prairie Technologies, Madison, WI1), a Ti:sapphire laser (Mai Tai DS; Spectra-
Physics, Menlo Park, CA) tuned at a wavelength of 920 nm, and non-descanned
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photomultiplier tubes (Hamamatsu Photonics KK, Hamamatsu, Shizuoka, Japan) in whole-
field detection mode to collect emitted light. Images were collected on Prairie View
software. Z7 stack images were collected every minute from 1 min prior to 79 min after
probe insertion, and then Z-stack images at 80 min post-implant and every hour from 2 to 6
h post-implant were collected. Sterile saline was held in the craniotomy site by a dental
cement well. This allowed for brain hydration and adequate water immersion for the
microscope objective. Saline was replenished as it evaporated.

Both the initial Z7-stack images and hourly Z-stack images covered an area of 407.5 to
407.5 um (1024 x 1024 pixels) at a scan rate of ~4.8 s/image, which gave sufficient
resolution to track individual microglial processes. This image size allowed us to visualize
2-3 shanks at a time. Prior to probe insertion, continuous collection of 24 pm thick Z7-
stacks (2 um intervals between images; parameters set to maximize data collection at 1 min
intervals) focused on the lowest depths of the intended insertion site commenced. Following
the first Z-stack scan, probes were inserted and Z7-stack collection continued through the
first 79 min post implant. Following initial Z7-stack collection, Z-stacks capturing the full
observable depth of the implanted cortex were taken at 80 min post-implant and every hour
from 2 to 6 h post-implant.

2.4. Data and statistical analysis

For each animal, Z7-stack images were analyzed to track individual microglial process
positions over time and microglial surface coverage of the neural probes over time. Images
with observable motion or drift from normal breathing, heartbeat, or tissue relaxation were
corrected with a custom-written MATLAB script (Math Works, Boston, MA) using a rigid-
body translation algorithm based on cross-correlation as previously described [41].
Alternatively, the “StackReg” plugin for ImageJ was used for rigid-body corrections of large
motions [103]. Animals or microglial processes were discounted for any time-points in
which motion could not be corrected or if there was poor visibility due to dural bleeding.
Microglia process migration toward the probe tracked by recording XY coordinates of
processes using the ‘Measure’ function in ImageJ (National Institutes of Health). The
determination of migration toward the probe or away from the probe was systemized by
dividing each microglial cell body into a hemisphere facing the probe and a hemisphere
facing away from the probe. The line between hemispheres was defined as the line parallel
to the nearest probe edge and that went through the midpoint of microglial cell body
(examples of line selection shown in Fig. 6B). In order to negate any artefactual migration
due tissue displacement upon probe insertion, measurements began after the probe’s entry.
Time series movies were created with respect to the time stamps of individual frames.
Microglial surface coverage of the probe and percent of tissue with microglial signal was
determined by making a binary mask of a sum projection of each Z7-stack using the ImageJ
Default variant of the IsoData threshold method [104]. An outline of the probe was manually
defined by focusing on planes below the surface of the probe, where the profile of the probe
appeared as dark shadow with high contrast between the edge of the probe and the
fluorescence of the parenchyma. The dimensions of the probe outline were cross referenced
with the dimensions of the device to ensure accuracy. Because there is likely
disproportionate strain in tissue surrounding the tip of the probe due to micromotion, the
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first 30 um of the probe from the tip was discounted from analyses [105]. Non-zero pixels
were counted using the ‘Measure’ function, and divided by the area of the user-defined
probe outline to derive the % surface coverage of the probe by microglial and the percent of
tissue with microglial signal.

Z-stacks of the full observable depth of implanted cortex at 80 min and 2—6 h post-implant
were analyzed to determine the extent of microglial surface coverage of the probe and the
morphology of microglia surrounding the implant. For the quantification of microglial
coverage of the probe, the Z-stacks were first digitally rotated 25-35° with Interactive Stack
Rotation plugin for ImageJ in order to view the surface of the entire probe in one rotated 2
plane [106]. The sum of Z-stack comprising the surface of the probe and the 20 um above
the probe were projected onto one image. Microglial surface coverage was then measured as
described above.

For qualitative evaluation of the microglial reaction, Z-stacks were transformed from XY
planes to XZ or YZ planes by linear interpolation (ImageJ; ‘3D Project’ function). Average
intensity or sum projections of reconstructed stacks allowed for analysis of specific regions
of interest.

Changes in process velocity and microglial surface coverage of the probe with respect to
time and changes in percent of tissue with microglial signal with respect to distance were
modeled using a linear mixed effects model with random slopes and intercepts for each
animal. To allow the model to fit nonlinear relationships, a restricted cubic spline basis was
implemented with 4 knots placed at the 5th, 35th, 65th, and 95th percentiles of the data.
Additional fixed effects included a categorical variable for group (L1 versus control) and the
interaction between group and time. To test for any significant group-wise differences a
likelihood ratio test was performed comparing two models: (1) the full model described
above; and (2) a second model that excluded the group and group-by-time interaction
predictors. Confidence intervals were estimated using case bootstrapping with 1000
iterations. 95% confidence intervals were computed as 1.96 times the standard error of the
model fits.

The 6 h post-implant Z-stacks were used to characterize microglia morphology. Microglia
were classified as ramified (1) if processes extended in all directions without preference, or
in the activated transitional stage (T-stage) (0) if processes were selectively extended toward
the implant insertion site (Fig. 1C) [21]. The determination of the direction that was toward
the insertion site was made by the same hemispheric distinction described in the microglial
velocity analysis description above. Microglia were binned by distance from the probe.
From these values, a logistic regression was created to show the Bernolli Probability
Distribution of microglia being in the ramified state (0 or 1) as a function of distance from
the probe. Because probability distribution inherently accounts for error, there can be no
additional calculation of error for this data.

Morphology was also used to assess the degree of microglial activation through a
transitional stage morphology index (T-index) and a microglia directionality stage index (D-
Index). The T-Index was calculated by measuring the length of the longest microglia process
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facing the probe () and the length of the longest process facing away from the probe ().
The D-Index was calculated by measuring the number of microglial processes projecting
toward the probe (#) and away from the probe (#). nand f were then used to calculate
respective index values through the following formula:

(f—n)
(f+n) H (1)

Index=

For both indices, a value of 1 (7= /) indicates that a microglia extends processes in all
directions without preference (ramified morphology). Index values < 1 indicate a preference
in either process length (T-Index) or process number (D-Index) in the direction of the probe.
Cells were binned by 30 um distance intervals from the probe, which was selected to insure
at least 10 samples per interval. To determine how microglial activation varied with distance
from the probe, data was fitted to a custom MATLAB dual sigmoidal function. This model
was previously optimized in studies of acute microglial reaction to different neural implants,
and therefore allows for comparison between studies [41,75]. The model has parameters for
amplitude (&), shoulder location (¢, and d5; pum), and shoulder width (w4 and wsy; pm):

a l1—a

y(d): 14e(d—d1)/uw + 14-e(d—d2)/w2 (2)

In order to characterize the dynamic interactions of microglia with L1-coated neural probes
in the first 6 h post-implantation, 7 probes with L1 protein immobilized along the full extent
of all shanks and 7 pristine, uncoated control probes were implanted into the cortex of 14
CX3CR1-GFP reporter mice. Microglial dynamics were tracked in relation to the implanted
probe with two-photon microscopy (TPM).

3.1. Microglia process extension velocity is unaffected by the L1 coating

Following craniotomy and vascular dye injection, we examined the surface of the brain with
fluorescence microscopy for regions with low vascular density that would be suitable for
imaging. Once a region was selected, we confirmed that there was no pre-existing microglial
activation with TPM, and inserted the probe. For both the control probes and L1 coated
probe, microglial processes ~175 um from the probe extended toward the implant site
immediately after insertion (Supplementary Movie 1 and 2). In order to quantitatively
compare process extension between groups, the velocities of individual microglia process
end-feet (total processes varied between 12 and 21 depending on time-point with 5 animals
for each group; 2 animals from each group were discounted due to movement artifacts) were
tracked from 4 to 79 min post-implant (Fig. 2A and B; representative movies of microglial
reaction from 1 min prior to implant to 79 min post-implant shown in Supplemental Movie 1
and 2). Both control and L1 group microglia processes moved fastest within the first 30 min
post-implant (between 0.5 and 1.5 um/min), and slowed to a near-stop by the first 60 min
post-implant, largely due to processes reaching the surface of the implant. There were no
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significant group-wise differences in velocity between the control and L1 groups in the
likelihood ratio test. Additionally, there was no statistical difference in aggregate microglia
process movement toward and away from the probe between 4 and 79 min post-implant
velocity between the L1 and control groups (Fig. 2C).

Supplementary video related to this article can be found at http://dx.doi.org/10.1016/
j.biomaterials.2016.10.054.

3.2. Immediate and sustained inhibition of microglial surface coverage of the probe with
the L1 coating

Once processes reached the edge or the face of the probe, the processes stopped migrating.
However, once the process end-feet reached their destination, the microglia began covering
the surface of the probe with lamellipodium sheaths. In order to characterize this microglial
surface coverage, a threshold-based method was used to quantify the percent of the probe’s
face that was covered by processes between 4 and 79 min post-implant (Fig. 3; n = 4 per
group; 3 were discounted from each group due to movement artifacts or lack of visual clarity
due to bleeding). There were significant group-wise-differences between the control and L1
coated probes (Likelihood ratio test, p < 0.01), with the 95% confidence intervals of groups
diverging by 8 min post-implant, and remaining distinct for the remainder of the experiment.
The face of L1 coated probes was less than 11% covered by microglia for the first 79 min
post-implant. Coverage of control probes continued to increase, plateauing at 40-45%
coverage by 30 min post-implant, and remaining statistically increased relative to L1 coated
probes through the 79 min of imaging.

This effect of L1 coating preventing microglial surface coverage extended for hours (Fig. 4).
At both 2 h and 6 h post implant, there was significantly less microglial surface coverage of
L1 coated probes compared to control probes (2 h: 8.2+ 2.4% v. 47.7+ 3.4%, p < 0.001; 6 h:
6.2+ 2.4% v. 35.8+ 6.9%, p < 0.05; both comparisons by Welch’s t-tests). There was no
statistical difference within the same coating groups between 2 and 6 h post-implant. This
effect was qualitatively corroborated by a validation experiment (n = 1) in which the first
~150 um from the tip of the probe was coated with L1, leaving the rest of the probe uncoated
(Supplemental Fig. 1). At 3 h post-implant, there was an observable reduction in microglial
surface coverage of the L1-coated portion of the probe.

In order to determine how the amount microglial signal changed with Z-direction distance
from the implant, thresholded side-projection images of 2 h post-implant Z-stacks were
rendered. Looking at the % of tissue with microglial signal after thresholding, there were
significant group-wise differences between L1 and control probes (Fig. 5; n = 3 per group,
reduced due to availability of sufficiently sized Zstacks; Likelihood ratio test, p < 0.0001).
In particular, there was a deviation in 95% confidence intervals of groups within the first 20
pum of the probe surfaces, with a 92-57% reduction in microglial signal between 0 and 20
um above the L1 coated probes (Fig. 5B). Between 20 and 50 um, however, the 95%
confidence intervals converged for the groups, indicating that there was a similar amount of
microglial signal in this region.
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3.3. Changes in microglia activation at 6 h with L1 coating

At 6 h post-implant, there were several differences in microglia morphology between control
and L1 groups. Microglia morphology was evaluated (n = 216 microglia for the control
group; 253 microglia for L1 group, each from 5 animals) and classified as either ramified (1)
or transitional stage (T-stage; 0) (Fig. 1C), and plotted average values against distance from
the probe’s edge (Fig. 6A and B). Logistic regression was then used to model the data:

Control :log(p/1 — p)= — 7.632+0.059  (3)

Ll:log(p/1 — p)= —5.062+0.049  (4)

where p denotes the probability that a microglia at a given radius () is ramified. The
distance from the probe at which 50% of microglia were ramified was determined to be
130.0 um for the control group and 103.5 um for the L1 group.

In order to explore differences in the degree of microglial activation between the control and
L1 groups, two morphology indices were evaluated: 1) a T-stage morphology index (T-
Index), which compares the length of the longest process extending toward the probe vs. the
longest process extending away from the probe for each microglia, and 2) a directionality
index (D-Index), which compares the number of processes facing toward the probe vs. the
number of processes facing away from the probe for each microglia. For both indices, values
closer to 0 indicate a stronger response toward the probe, whereas an index value of 1
indicates either ramified or no preferential response toward the probe. Two-shouldered
sigmoidal functions were fit to the data of both indices using Equation (2) with parameters
for relative amplitude (a), near shoulder (d1) and spread (w1), and far shoulder (d2) and
spread (w2). For the T-index, control parameters were a—0.65, d1—10.35 pm, w1—21.04
pum, d2—215.11 um, and w2—>5.00 um, and L1 parameters were a—0.85, d1—58.63 um,
w1—23.94 um, d2—146.25 um, and w2—5.00 um (Fig. 6C). Comparing general trends of
sigmoidal curves of the control and L1 group T-Indices, both groups had very low index
values immediately adjacent to the probe, with few microglial processes protruding far away
from the implantation site. Interestingly, the microglia between 30 and 60 um from the L1
coated probes had a significantly lower T-index value compared to microglia around the
control probes (Welch’s T-test; p < 0.001). As noted in our previously published work,
microglia between 60 and 210 um from the control probes held at a 0.6 T-index. Contrary to
this, microglia in the same region around L1 coated probes had progressively increasing T-
index values, reaching a value of ~1 by 150 pm from the probe. Microglia around control
probes did not reach a “1” T-index value until 210 pm from the implant. This difference in T-
index was reflected in T-tests, where the L1 group had statistically higher T-index values
between 150-210 and 240-270 um from the probe (Welch’s T-test; p < 0.05).

There were also differences between the control and L1 group in the D-Index values (Fig.
6D). The sigmoidal function parameters for the control were a—0.79, d1—10.54 um, wl—
15.45 pm, d2—186.03 pm, and w2—25.06, and for the L1 group were a—0.82, d1—43.45
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pum, wl—14.54 ym, d2—141.28 pm, and w2—9.65 pm. Microglia within 60 um of L1
coated probes had significantly lower D-Index values when compared to microglia around
control probes (Welch’s T-Test; p < 0.05). Beyond 60 um, D-Index values continued to rise
without any significant differences between groups, reaching a “1” D-index value around
180 pm from the probe. The D-Index for the L1 group was significantly higher than the
control group between 270 and 300 pm (Welch’s T-test; p < 0.05).

4. Discussion

The value of implantable microelectrode technologies as basic-research tools and substrates
for brain-machine interfaces is well established, however, their clinical implementation has
been stifled by their high failure rate in pre-clinical models. Covalently linking neural
adhesion molecule L1 to the neural probe’s surface is a promising strategy to improve
biocompatibility. /n vitro, substrate-bound L1 can selectively encourage neuronal attachment
while deterring astrocyte and fibroblast attachment [98,99,101]. /n vivo, we have previously
shown that L1 coatings on probes implanted in the cortex, spinal cord, and dorsal root
ganglia improve neuronal survivability, axonal regeneration, and even neuronal attachment
to probe’s surface for at least 8 weeks post-implant [61,76,77]. This is distinct from other
coating strategies (laminin, Parylene-C, PDMS, PEG/polyurethane) which may attenuate
some neuronal cell death, but do not improve regeneration [107-109]. Further, the microglial
and astrocytic responses are attenuated in the region immediately surrounding the probe.
These results were obtained via postmortem histology at discrete chronic time-points, while
the specific interaction between the L1 coating and the host cells that leads to these effects
remains unclear. Towards this end, the current experiment assessed the acute microglial
response to L1-coated substrates in cortex immediately after implantation, providing
mechanistic clues to describe L1’s therapeutic effects.

4.1. Microglial process extension and probe surface coverage

As in our previous work, within 5min after implantation of L1 or control probes, most
microglia within 100 pm became polarized, extending processes toward the implantation site
while retracting processes that were initially facing away from the probe [41]. Polarization
and process extension indicate microglia activation, and are often followed by cell body
movement toward the source of activation (12 + hours to days) [38,39,110-112] . These
processes extended until they reached the edge or surface of the probe, approximately 30-45
min post-implant, dependent upon the initial position of the process. There were no
significant differences in the process extension velocities between the groups. This suggests
that process extension is mediated by factors that are independent of the covalently attached
L1 surface coating. The most likely factors are soluble chemokines or debris released from
damaged cells, mechanically stimulated release of soluble chemokines, and blood plasma
proteins release from the mechanically damaged BBB. Chemokines such ATP, UDP, and
glutamate are known to incite directed microglial process extension along the chemokine
gradient [113-117] . Upon mechanical trauma, astrocytes and neurons release ATP and
glutamate into the extracellular space, serving as chemakines for surrounding microglia
[118-120]. This effect is conserved across many paradigms of mechanical trauma, including
deep-brain stimulator implantation in humans [121]. It is not known if abrupt mechanical
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distortions directly affect microglial phenotype, though recent studies have shown that
microglial behavior is modulated by at least some mechanical cues. Namely, if placed on a
substrate with a gradient of stiffness, cultured microglia will migrate toward the stiffer areas
[122].

In addition to mechanically stimulated release of chemokines, probe implantation will also
mechanically rupture blood vessels, causing release of blood plasma proteins such as
immunoglobulins, serine proteases, and albumin into injury site [37]. Diffusing through
cortex at ~137 um min~1, these proteins—which are known to perpetuate microglial
responses and contribute to neuronal death—will have spread through the volume of the
entire viewing area of this study within the first 5 min post-implant [123-128]. These
plasma proteins can also physically adsorb to the surface of the probe, which may have an
effect on the phenotype of cells that contact the probe’s surface [36,99].

Most processes stopped extension once they reached the surface of the probe. The percent of
the probe’s surface that was covered in these processes increased over the 6 h experiment for
both groups. There was, however, significantly less coverage of the L1 probes as early as 8
min post-implant. At all points between 8 min and 6 h post-implant, there was a 75-83%
reduction in surface coverage of the L1 group. There was a slight drop in surface coverage
between 2 and 6 h post-implant for both the L1 and control groups, but it is not clear if that
is due to microglial process retraction, or dimming of the image quality due to spontaneous
bleeding or gradual photobleaching. However, the drop was not statistically significant, and
the reduction in surface coverage was the same (83%) at both 2 and 6 h post-implant. We
postulated that there were two possible mechanisms to explain the reduction in microglial
surface coverage of the L1 group: the endfeet that were contacting or immediately adjacent
to the L1 probe were smaller and covered a smaller area of the probe, or activated, T-stage
microglia were projecting fewer professes to the surface of the L1 probe. To investigate
these possibilities, we examined how the amount of microglial signal changed with distance
from the probe’s surface. If the first possibility was true, we would expect that the decrease
in microglial signal for L1 probes would be confined to the region immediately adjacent to
the surface of the probe, and there would be no difference between groups further away from
the probe. In the second scenario, there would be fewer processes and therefore less
microglial signal for the L1 group throughout the radius of microglial activation (<17 5 ym
from probe, as seen in Fig. 6a). Our evidence points to the former—there were a similar
number of microglial processes directed toward both types of probes, but within 20 um of
the L1 probe, there was a decrease in microglial signal. This suggests that L1’s effect
modulated the endfeet and processes contacting or immediately adjacent to the coating.
Qualitative observations of the microglial surface coverage tissue corroborate this
mechanisms, in which coverage tissue often appeared as flattened, contiguous swathes of
tissue on control probes, but easily discernable 1-2 um diameter endfeet on L1 probes (Fig.
3a).

While it is likely that microglial processes are guided to the probe along a chemotactic
gradient generated by implantation trauma, it is unclear why microglial processes attach to
the surface of the probe. It is believed that microglia make prolonged contacts with injury
sites to uptake neurotoxic or excitotoxic factors released from damaged cells or vasculature
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[129-131], reconstitute damaged barriers between the brain and the rest of the body
[113,132], and phagocytose damaged neurons, plaques, or invading neutrophils [133-135].
One possibility is that these inflammatory factors adsorb onto the surface of uncoated
electrodes leading to prolonged microglial contact [36]. It is unclear how L1 is influencing
these particular microglial functions. For NCAM, terminal sialic acid residues can suppress
microglial phagocytosis through the SIGLEC-E receptor [133]. Though it has not been
tested, it is possible the sialic acid residues on L1 could act similarly. Further, it is unclear
how this surface coverage behavior would affect the longevity and long-term outcome for
the implanted device.

4.2. Possible mechanisms of the L1-coating effect

Taken together, the process extension data and surface coverage data suggest that the L1 did
not have an effect on the microglia until after they made physical contact with the coating or
were within 25 um of the probe’s surface. Interestingly, while many cells of hematopoietic
origin express L1, to our knowledge microglia do not, and so cannot engage in the L1-L1
homophilic binding that neurons exploit [136]. L1, however, is known to make heterophilic
interactions with the proteoglycans phosphacan and neurocan as well as the integrins a5p3
in humans and rodents and a5p1 in mice [137-139]. Of these potential heterophilic binding
sites, microglia at least express a5p1, and expression increases upon cytokine activation
[140-142]. While there are no specific studies on the interaction between microglial a5p1
and L1, this could be a potential mechanism by which the L1 coating is attenuating micro-
glial surface coverage behavior. Further, as described above, it is possible that L1’s terminal
polysialic acid residues could bind to the microglial SIGLEC-E receptor, which suppresses
phagocytosis.

In support of direct interaction between L1 and adjacent microglia is the observation that
morphological differences exist between the two groups at 6 h post-implant. To understand
the microglial morphology, cells were first defined as either ramified or T-stage by
qualitative assessment, and then the number (D-Index) and length (T-Index) of individual
processes that were projecting toward the probe were compared to processes that were
projecting away from the probe. This allowed the characterization of trends in microglial
activation as well as the degree of microglial activation. While the qualitative ramification
index shows that there were more ramified microglia closer to the L1 implants, both the T-
Index and D-Indexes were lower for the L1 group at points within 60 pm of the probe. This
indicates that microglia within 60 pm of the L1 probes had more processes and longer
processes extending toward the probe compared to microglia within 60 pm of the control
probes. While this may suggest that the microglia in the immediate vicinity of the L1 probes
are more “activated”, the L1 probes had an 83% reduction in microglial surface coverage at
this same time point. This data suggests that, while the microglia are more activated, the
phenotype of activation is different. Many recent studies have suggested that there is a
continuum of microglial activation states, often broadly stated in terms of M1, which is
proinflammatory and can lead to scarring, or M2 activation, which is anti-inflammatory, and
is important in phagocytosing cell debris and tissue regeneration [143-145]. While trauma
such as a neural probe implantation may drive M1 microglia activation, perhaps interacting
with the L1 coating alters the activation state of microglia [144]. /n vitro studies are
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conflicting as to whether M1 and M2 microglia have different morphologies [146] or not
[147,148], and thus future studies looking at early time-point immunochistochemical markers
for microglia polarization will be necessary to address this. Importantly, microglial
activation could have consequences for neuronal health. Activated microglia have been
implicated in directly causing or exacerbating phagocytotic, excitotoxic, and apoptotic
neuronal death [34,35,149,150]. Interestingly, previous work has shown that tissue around
L1 coated probes had both fewer activated microglia as well as an increase in neuronal
processes after 8 weeks of implantation when compared to healthy tissue and uncoated
probes [77]. This suggests that the L1 coating has a neuronal regeneration effect, unlike
dexamethasone coatings, which can reduce microglial activation but don’t lead to neuronal
regeneration [70]. It is unclear whether this regenerative effect is due to L1’s action on
neurons, microglia, or both. Future experiments should be focused on isolating these effects
to achieve a full understanding of L1’s mechanisms.

The morphology index data also suggests that there is an indirect interaction between the L1
coating and microglia. At 6 h post-implant, the T-index for the L1 group was significantly
higher at points between 150 and 270 um and the D-Index was higher between 240 and 270
um, areas with cells that had no direct contact with the probe. It is possible that cells
contacting the L1 coating—either microglia, astrocytes, or neurons—are releasing molecules
or changing expression of membrane proteins in such a way to affect the phenotype of cells
in this distant region. Supporting this are /n vitro and in vivo studies of peripheral
macrophages show that surface chemistry can affect secreted cytokine profiles within 1 day
of implant [151,152] The areas between 60 um and the distant regions were not different
between coating groups. This may indicate that this area was still affected by mechanical
changes due to probe insertion or soluble factors from damaged cells and blood vessels. The
distant region that had significant changes between groups may have been out of range of
these mechanical and chemical changes, but still within the range of L1-related changes.

It is also possible that the difference in hydrophobicity between the control and the L1
probes affected the microglial response. In previous studies, we have shown that the water
contact angle for the unmodified control and L1 coated probes are respectively 27.3 + 1.4°
and 69.8 + 1.7° [99]. In these previous studies, however, we showed that L1 functionalized
substrates had distinct effects on primary neuron and astrocyte adhesion when compared to
L1-free substrates with similar hydrophobicity. Further, in an experiment with a probe that
had a region of L1 functionalization and a region of silane + GMBS treatment, there was an
observable reduction in microglial surface coverage for the L1 region when compared to the
silane + GMBS side at 3 h post-implant (Supplemental Fig. 1). This corroborates that L1 has
a distinct, bioactive effect when compared to a surface with comparable hydrophobicity
(Water contact angle: L1: 69.8 £ 1.7°, silane + GMBS: 58.5 + 1.6° [99]). Nevertheless,
hydrophaobicity of the surface is expected to play a role in protein adsorption and the
consequent cellular interaction. A separate study is ongoing to examine the microglia
response to well-controlled non-bioactive surfaces with different hydrophobicity.
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4.3. Long-term effects of L1 coatings and future directions

While the present study shows that the L1 coating is effective in reducing microglial surface
coverage through 6 h post-implant, our previous work shows that the L1 coating is effective
in reducing glial scarring and neuronal cell death to at least 8 weeks post implant [61,76,77].
It is unclear how these initial effects on micro-glial dynamics transitions into the effects
observed at late time points. Further, the present study demonstrates that while the L1 probes
had less surface coverage, microglia around those probes had more morphological
activation. Future studies will need to track these populations of activated microglia to study
their long-term fate and role in glial scar formation. To address this, our group has also
optimized cranial window techniques that enable longitudinal imaging from 12 h post-
implant to at least 3 months post-implant [46].

While we have seen how microglia interact with the L1 coating, neurons, astrocytes, and
oligodendrocytes also likely to interact with the coating [91,98,99,101,153,154]. Animal
models with transgenic labels in multiple cell types—such as neurons with expression of the
calcium indicator GCaMP—could be crucial in understanding the complex effects the
coating is playing [155]. Current efforts are underway to follow this work with chronic
imaging studies of the long-term microglial and neuronal responses to L1 probes including
microglial cell body migration and aggregation at the tissue-probe interface as well as
changes in neuron distribution and electrophysiology over time.

In addition to L1, other cell-surface proteins implicated in modulating microglia-neuron or
neuron-neuron interactions could be used alone or in synergy with L1 as a neural probe
coating [101,156-159]. Addressing these experiments will help to provide a framework for a
broadly applicable bioactivity assay for novel neural technologies using longitudinal /n vivo
microscopy. Additionally, these experiments will improve our understanding of how surface
modification affect the integration of foreign bodies into host tissue, which is crucial for
implantable stimulation and recording probes as well as microdialysis probes,
neurochemical sensors, drug delivery devices, and other types of neural implants [75].

5. Conclusion

The current study has demonstrated an immediate and substantial reduction of microglial
surface coverage of neural probes with an L1 protein coating. This effect remained
significant through 6 h post-implant (the duration of the experiment), corroborating previous
findings that L1 coatings provide long-lasting mitigation of gliosis and neuronal cell death
(at least 8 weeks). The coating reduced surface adhesion-behavior of microglia that were
contacting the probe, and also reduced morphological activation of distant microglia that had
no direct contact with the probes. This work provides both a framework for a rapid
bioactivity assay for implantable neural technologies, as well as identifies microglia as a
possible key mediator of the L1-coating’s long-lasting anti-gliosis effect. Ultimately, this
study identifies novel pathways to improve the efficacy of implantable neural technologies
and establishes two-photon microscopy techniques that can rapidly test and validate these
novel pathways.
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Fig. 1.

E)?perimental set-up. A) Following craniotomy, the probe (blue) is inserted into the cortex
(Microglia in green; blood vessels in red) at a 30° angle. The white arrow indicates where
the cortex is pierced. This allows the probe to be inserted without colliding with the
microscope objective while maximizing the area of the probe that can be imaged. * denote
darker regions due to being underneath either the probe or pial blood vessels. The image
shown here is a side-projection of raw data made through a 3D reconstruction. B) Raw data
were images of cortex from a “bird’s-eye view”. Here, a bright-field image of the neural
probes is superimposed over unimplanted cortex to demonstrate probe configuration and
relative of cortex and implants. The implanted probes are 4-shank, silicon Michigan-style
electrodes with Ir electrode sites. C) Microglia are classified as ramified if processes extend
equally in all directions or as “activated” transition stage (T-stage) if processes extend in one
direction preferentially. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2.
Microglial process extension velocity is unaffected by L1 coating. A) Process end-feet

velocity and direction (toward (+) or away (=) from the probe, which is outlined in a blue
dotted lines) are measured by comparing earlier time-point positions (red) to later (green).
Yellow indicates features that did not move in that time interval. Arrows indicate the regions
of advancing microglial processes, which can be identified by a layer of red processes
followed by a layer of green processes. Forward progress dwindled at later time intervals
(after 45 min). B) Process velocity data was modeled with a linear mixed model for the L1
group (black, solid line) and the control group (blue, dotted line). Shaded regions are 95%
confidence intervals. Likelihood ratio tests revealed no group-wise differences. C) There
were no significant differences in total movement toward or away from the neural probe
between the L1 and control groups. Bar plot presented as mean = SEM. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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L1 prevents microglial surface coverage of neural probes over the first 79 min post-implant.
A) An automated, threshold-based method quantified the percentage of probe faces covered
by microglia processes. The aspect of the neural probe that was in focus is outlined in a blue
box. B) Coverage data was modeled with a linear mixed model for the L1 group (black,
solid line) and control group (blue, dotted line). The likelihood ratio test revealed significant
group wise differences (p < 0.01), with 95% confidence intervals (shaded aspects of traces)
diverging by 8 min post-implant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4.

ng coating continues to prevent microglial surface coverage through 6 h post-implant. A) 2D
projections of probes at 2 and 6 h post-implant B) The percentage of the probe’s surface that
was covered by microglia was significantly less for L1-coated probes compared to control
probes at 2 h and 6 h post-implant (Welch’s T-test; **p < 0.001, *p < 0.05). Bar graph data
presented as mean + SEM.
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Fig. 5.

Dgcreases in the % of tissue with microglial signal adjacent to L1 coated probes. A) Side
projections of Zstacks allow the microglial signal in the Z-direction above probes to be
measured. The red region indicates where there are significant differences between groups.
B) % of tissue with microglial signal data was modeled with a linear mixed model for the L1
group (black, solid line) and control group (blue, dotted line). The likelihood ratio test
revealed significant group wise differences (p < 0.0001), with 95% confidence intervals
(shaded aspects of traces) diverging at 20 min post-implant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6.

ngcoating alters morphological features at 6 h post implant. A) Probability of cell
ramification (1 is ramified, O is T-stage) over distance show that the L1 group (black, solid
line) has ramified cells closer to the probe than the control group (blue dotted line) in a
logistic regression of probability data. Note: as this is a Bernolli Probability Distribution,
error bars were not calculated. B) A sample image of microglia labeled as T-stage or
ramified. A solid red bar at the left of each image indicates the surface of the probe. Red
dotted lines indicate the axis that was used to distinguish the hemispheres facing toward the
probe (left side of line) v. away from the probe (right side of line). C) The T-stage index (T-
Index) compares the length of the longest probe-facing process to the longest non-probe
facing process, with 0 indicating no non-probe facing processes and 1 indicating fully
ramified microglia. D) The directionality index (D-Index) compares number of probe facing
processes to number of non-probe facing processes, with 0 indicating all probe-facing
processes and 1 indicating totally ramified microglia. Data are presented as means + SEM;
all comparisons are made by Welch’s T-tests. * denotes significance, p < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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